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Abstract 
Trabecular bone is a honeycomb-like load-bearing structure located within 
many whole bones of the human body, including sites commonly associated with 
osteoporotic fracture such as spinal vertebrae and the hip joint. The bone tissue that 
makes up the trabecular network contains active bone cells that are constantly 
working to repair and remodel the bone material over time. The product of this 
cellular activity influences the mechanical properties of trabecular bone, specifically 
the formation and propagation of microdamage and microfracture. At the same time, 
the stress and strain states within the tissue help to direct how the cells function. 
Thus it is valuable to characterise the mechanics of trabecular bone tissue in 
understanding the behaviour of bone in health and disease. While the elastic 
properties of bone tissue have been thoroughly examined and reported in the 
literature, its post-yield behaviour remains unclear, especially that of trabecular bone.  
This study characterised the mechanical response of trabecular bone, of both 
bovine and human origin, using nanoindentation combined with Atomic Force 
Microscopy (AFM) to map the residual deformation. Tissue features of bone mineral 
content and trabecular orientation, as well as the effect of desktop micro-computed 
tomography (μCT) were examined to identify their role in the response of bone to 
nanoindentation loading. Finally, Finite Element Analysis (FEA) was used to 
evaluate the application of von Mises plasticity, with perfect plasticity and strain 
hardening, and Drucker-Prager yield criteria, in capturing the plastic deformation 
characteristics of trabecular bone tissue. 
The overall aim of this thesis was to investigate and model the mechanical 
behaviour of trabecular bone with focus on the post-yield response of the material at 
the nanoscale. This was subsequently broken down into an experimental component, 
with mechanical testing to induce considerable plastic deformation within the bone 
tissue, and FEA to explore constitutive material models to capture post-yield 
behaviour.  
Nanoindentation was selected as the mechanical characterisation tool for 
trabecular bone tissue of both bovine and human origin, and combining this with 
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Atomic Force Microscopy (AFM) enabled residual deformation to be mapped. 
Testing was performed using a high load single indent loading profile and a novel 
incremental loading protocol.  
The results showed that increased bone mineral content was associated with a 
stiffer response of the local tissue to loading and reduced dissipation of energy 
during the nanoindentation event. Trabecular orientation, with respect to the primary 
loading direction within the body and indented normal to the axis of a trabecula, was 
not found to influence the material‟s response to nanoindentation.  
No pile-up of material was observed surrounding the indent, nor any discrete 
fracture or cracking of the tissue associated with the indenter, even to loads as high 
as 150 mN. These novel data are valuable in the development of constitutive material 
behaviour governing the post-yield response. 
In addition, the effect of commonly used desktop micro-Computed 
Tomography (µCT) was examined to identify its effect on the response of bone to 
nanoindentation loading. In bone tissue from an 86-year-old donor, the radiation was 
found to reduce the indent depth and energy involved in the response to loading.  
Constitutive material models with relations to govern the plastic behaviour of 
the material were evaluated using FEA. A 3D FE model of one sixth of the bone-
indenter interaction (due to six-fold symmetry) and an equivalent axisymmetric FE 
model were developed for the bone nanoindentation problem. To maintain a 
manageable scope, time-dependent and fracture behaviour was excluded from the 
material modelling. Isotropic linear elasticity was assumed to implement plasticity 
models using ABAQUS/Std FE software. Following classic metal plasticity, the von 
Mises yield surface, initially with perfect plasticity and subsequently with isotropic 
and kinematic strain hardening, was evaluated. Consistent with the literature, the von 
Mises model was found to inadequately capture the response of the tissue to loading 
and the energy involved in the nanoindentation event, as well as predicting excessive 
pile-up of material around the indentation site. While the addition of strain hardening 
suppressed the pile-up height prediction, an improved solution was achieved by 
turning to plasticity theory in soil mechanics.  
The Drucker-Prager yield surface with and without dilation was assessed. The 
pressure-dependent yield and available modifications that this yield criterion offers 
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are advantageous in capturing the post-yield behaviour of trabecular bone tissue. 
Although it did not model the experimental observations perfectly, the Drucker-
Prager yield criterion is a good plasticity model to capture the deformation 
characteristics of trabecular bone tissue to nanoindentation loading.  
The significant and novel contributions of this thesis are the introduction of the 
high load incremental loading protocol to characterise the plastic behaviour of 
trabecular bone tissue, and its application in generating novel data for the 
development of constitutive material relations incorporating plasticity. These 
experimental and modelling tools can be modified to examine bone tissue from 
trauma and disease. Further, the models may contribute to understanding the role of 
stress and strains in biological activity within bone tissue. 
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Chapter 1: Introduction 
Trabecular bone (Figure 1-1) is the sponge-like network of mineralised tissue 
that is found in the middle of many whole bones that make up the human skeleton. It 
can be most readily recognised in the middle of spinal vertebrae and within the ends 
of long bones, such as the femur at the hip joint. While bone has several important 
functions within the human body, its foremost role is mechanical in nature: to 
provide structure and protection to the body, and to facilitate movement. In 
particular, the mechanical function of bone involves both stiffness (withstanding 
loads with minimal deflection) and strength (withstanding loads without failure). In 
addition, to allow movement with minimal energy costs, bone must fulfil these 
mechanical roles with minimum weight. It is therefore appropriate to consider bone 
from the perspective of an engineering material. As such, understanding the response 
of bone loading in terms of phenomena such as damage formation can be valuable in 
unlocking the engineering properties of bone in both health and disease. 
 
Figure 1-1: Trabecular bone surrounded by a cortical bone shell in the human proximal femur. 
Reprinted from J. Theoretical Biology, 244, Skedros J.G. & Baucom, S.L. Mathematical analysis of 
trabecular „trajectories‟ in apparent trajectorial structures: The unfortunate historical emphasis on the 
human proximal femur, pp.15-45, Copyright (2007), with permission from Elsevier. 
Structurally, bone is a distinctly hierarchical material. At the nanoscale, bone 
consists of a mineralised collagenous matrix, oriented in a specific manner to create 
osteons and hemiosteons (Parfitt, 1994), the structural unit of bone tissue at the 
microscale in cortical and trabecular bone, respectively. Cortical bone is the solid-
appearing bone found along the diaphysis of a long bone, or along the periphery of 
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spinal vertebrae, encasing a trabecular bone core. Trabecular or cancellous bone 
consists of many trabeculae
1
 (singular trabecula), the rod- or plate-like beams 
connecting the network. Together, these two types of bone form the whole bones of a 
skeleton.  
It is important to note that terms like bone and tissue are used in varying 
contexts within the literature. For example, bone can refer to either the tissue itself, 
or the whole porous assembly of trabecular rods and struts, or to an entire bone such 
as a vertebra. In this thesis, the word tissue will be used to refer to the osseous 
material only. Apparent properties are those of the combined trabecular network, for 
example in the observed behaviour of a compressed trabecular bone block.  
Cancellous bone will be used when referring to the bone material, with its bone 
marrow, cells and fluid components, while trabecular bone will be reserved for the 
bony network, exclusive of holes. With respect to mechanical properties, the term 
nanomechanical will be used in reference to the behaviour of bone features within 
each trabecula, such as can be examined using nanoindentation, whereas 
micromechanical will refer to the mechanical properties of the bone at the scale of 
entire trabeculae. 
Like the anatomical structure, the mechanical behaviours of each level of the 
hierarchy are similarly linked. Damage at the microscopic scale in bone tissue may 
be a pre-cursor to fracture mechanisms at higher levels of the bone hierarchy. 
Examining the mechanical response of bone tissue at smaller length scales can 
therefore help to explain macroscopic behaviour at higher levels, and ultimately 
provide insight into clinically significant problems such as whole bone fracture in 
osteoporosis. Specifically, this thesis examines the nanomechanical properties; those 
of bone features on the order of 10–100 ×10-9 m. 
Microdamage is the term for the microscopic cracks that appear in bone tissue 
(and other mechanical materials) in response to their loading history. Microfracture 
refers to the discrete fracture of a trabecula. Microdamage occurs within all bone 
tissue: in bones of the young and old, healthy and diseased alike. Microdamage in 
bone has attracted much interest since its initial reporting by Dr Harold Frost in 1960 
                                               
 
1 Trabeculae: plural form of trabecula, from the Latin trabs (feminine) meaning beam (Collins Latin 
Dictionary, 1996). 
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since accumulation of microdamage in bone contributes to the loss of mechanical 
strength (Burr, et al., 1998). The amount of microdamage present in bone tissue is 
considered one of the contributors to bone quality and has been implicated as a 
potential factor in the progression of osteoporosis (McDonnell, McHugh & 
O‟Mahoney, 2007; Burr, et al., 1997). 
Microdamage is a physical indication of a material being loaded beyond its 
local failure point or fatigue limit and entering the realm of irreversible deformation, 
or post-yield behaviour. However, unlike synthetic engineering materials, bone is a 
living tissue: the structure is in a state of constant change with damaged bone being 
repaired and old bone replaced by newer material. Microdamage in bone acts as a 
stimulus for directing biological activity (Burr et al., 1985; Mori & Burr, 1993; Lee, 
Staines & Taylor, 2002). The mechanical response of the tissue plays an important 
role in biological activity through processes of cellular mechanotransduction.  
Due to this mutual relationship between mechanical and biological activity in 
bone, it is valuable to understand how mechanical loading of the structure will 
influence the activity of bone cells, and it is equally important to realise how the 
structural changes caused by cellular activity affect the ability of the material to 
withstand applied load.  
Despite much previous work on the macroscopic mechanical response of bone 
tissue to loads, current understanding of the mechanical response of trabecular bone 
to physiological loading states, especially at the micro-scale and in the post-yield 
regime, is incomplete. A variety of loading conditions reasonably considered to 
occur during physiological activity (especially in osteoporotic bone) may cause 
tissue strains to exceed elastic limits, yet the type and magnitude of loading that 
causes plastic deformation is not well characterised, neither experimentally nor 
theoretically, and little is known of the tissue plastic response prior to failure. 
Improved understanding of the mechanical response could prove valuable in 
understanding the circumstances that lead to bone fracture in both healthy and 
abnormal bone tissue, and provide new insights into bone cell activity in response to 
these loads.  
This thesis concentrates on the structure and mechanics of trabecular bone 
because there is a paucity of literature on trabecular bone as opposed to cortical bone. 
The nature of trabecular bone creates greater technical demands in experimental 
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work, which means it has been less studied that cortical bone. However, its structural 
development, its role within the body and existing mechanical data suggest that the 
experimental observations of cortical bone tissue cannot simply be extrapolated to 
trabecular bone. Differences between the two tissue types mean that trabecular bone 
may be more susceptible to osteoporosis than cortical bone. Osteoporosis-induced 
changes to the trabecular bone structure alter the distribution of stress and strain 
within the tissue, and of particular interest are the effects of this into the post-yield 
regime. The focus of this thesis, therefore, is on the local post-yield behaviour of 
trabecular bone tissue during typical physiological loading and not, for instance, 
loading associated with high energy bone fractures during a vehicle crash.  
1.1 AIMS & OBJECTIVES 
The overall aim of this thesis is to investigate and model the mechanical 
behaviour of trabecular bone with particular attention to the post-yield response of 
the material at the nanoscale. 
This overall aim will be achieved through the following objectives: 
1. Develop experimental approaches to assess the nanomechanical properties 
of trabecular bone tissue matrix with a focus on the post-yield behaviour; 
2. Apply the experimental approaches developed in Objective 1 to measure 
the plastic response of both bovine and human trabecular bone tissue at the 
nanoscale; 
3. Develop computer modelling and simulation approaches to interpret and 
extend the experimental results, in particular through the development of 
mechanical constitutive models to describe and predict the mechanical 
response of trabecular bone to loading above the onset of yield; 
4. Bring the experimental and computational components together in a 
predictive model for the post-yield behaviour of trabecular bone. 
The experimental work in Objectives 1 and 2 of the thesis will comprise: 
 Developing a nanoindentation testing protocol for trabecular bone tissue, 
including an investigation of typical sample preparation techniques and 
their influence on test results; 
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 determining a suitable method of measuring indentation deformation and 
bone mineral content in the test region after each test and relating the bone 
mineral content to the mechanical test results; 
 assessing and comparing bovine and human bone samples, using both 
standard load and high load nanoindentation; and 
 investigating the role of mineral content, trabecular orientation and the 
effects of ex vivo desktop micro-computed tomography (µCT) on the 
tissue level response of trabecular bone. 
Three working hypotheses were formulated to direct the investigation of these 
experimental factors. Firstly, increased local bone mineral content is expected to 
correlate with a stiffer response to nanoindentation loading. The response is expected 
to be more brittle and any signs of fracture within the tissue would therefore be 
associated with higher mineral content. Secondly, trabeculae aligned with the 
macroscopic (whole bone level) principal loading direction, and therefore primarily 
loaded in compression in vivo, are expected to be stronger in their response to the 
primarily compressive nanoindentation loading than their transversely-oriented 
counterparts. As such the measured elastic modulus and hardness are expected to be 
higher. Thirdly, the ionising radiation involved in a standard desktop µCT procedure 
is expected to deteriorate the mechanical properties of the bone tissue. Specifically, 
based on the cross-linking of collagen fibres noted in previous studies of ionising 
radiation on bone tissue, it is expected that the material will become more brittle, 
exhibiting higher elastic moduli and hardness values after scanning with a desktop 
µCT.  
The computational work in Objectives 3 and 4 of the thesis will comprise: 
 establishing and evaluating a Finite Element (FE) Model of the bone 
nanoindentation process, including investigations of mesh sensitivity, 
indenter geometry, boundary conditions and loading; 
 establishing post-processing methods for the evaluation of model results 
and comparison with experimental data; 
 evaluating and improving the ability of existing inelastic mechanical 
constitutive models to capture the experimentally observed behaviour of 
trabecular bone tissue beyond yield; 
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1.2 SCOPE OF WORK 
As suggested in this short introduction, bone is a highly complex material. The 
ability to fully define a single constitutive model that will adequately describe and 
predict the mechanical response of bone tissue, inclusive of all influencing factors 
and potential loading regimes is an overwhelming task that lies beyond the scope of 
one doctoral thesis. Thus it is necessary to consider several statements to bound the 
work of this thesis.  
While the biology of bone plays an important role in the motivation for this 
study, it must be said that the overall philosophy in this work is one of an 
engineering approach to materials. A mechanics of materials approach is taken to 
characterise and predict the loading response of trabecular bone tissue. This approach 
considers the influences of the physical consequences of biological activity on 
mechanical behaviour, but the material is viewed exclusive of its biological 
components. It covers a snapshot in time and does not include the repair and 
remodelling of the tissue by biological processes for the duration of a physiological 
damage loading scenario. 
Additionally, certain limitations in the modelling approach are necessary due to 
the complexity of the mechanical behaviour of biological materials, allowing a 
manageable study of a few of the key contributing factors to the material‟s 
mechanical properties that are currently not well explained in existing literature. The 
literature highlights the time-dependent nature of bone tissue in response to 
mechanical loading, including strain rate dependence. While the experimental 
component of this thesis provides observations of time-dependent phenomena 
including creep, relaxation and the effect of loading rate during nanoindentation 
testing, the modelling component of this thesis does not incorporate these 
behaviours. The modelling study focuses on the post-yield response of the bone 
tissue using a classical elasto-plastic constitutive framework and excludes 
consideration of known viscoelastic time-dependent aspects of bone behaviour. 
While the time-dependent effects are not incorporated in the model development, the 
experimental data provide a valuable indication of the extent to which assumptions 
of quasi-static behaviour may be valid.  
The modelling approach considers elastic and plastic behaviour, but does not 
extend into fracture mechanics. Furthermore, this thesis does not investigate the 
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application of continuum damage models, but rather concentrates on yield criteria 
and their evolution with the principles of mechanical plasticity. Since the focus of the 
thesis is on the quasi-static post-yield response of bone tissue and that 
nanoindentation with a sharp indenter is dominated by plastic behaviour, the elastic 
regime is modelled using a simple isotropic linear elastic model.  
While several mechanical testing techniques are known and used in bone tissue 
assessment, this work is restricted to nanoindentation only. This is due to the 
technical complexities and time limitations in developing complementary testing 
techniques. The nanoindentation study was made possible as a result of collaboration 
with another local university. Future work derived from this study aims to extend the 
method developed herein to the combined nanomechanical and micromechanical 
testing of individual trabeculae.  
The computational simulation was performed by Finite Element Analysis 
(FEA) using the commercially available software ABAQUS. This package was used 
due to the availability of licenses to the university and existing expertise in FEA 
using this software. It has the necessary capabilities to model the bone tissue in two 
or three dimensions using nonlinear constitutive models and was therefore 
considered an appropriate choice for the study.  
1.3 STRUCTURE OF THE THESIS 
The development of this thesis begins in Chapter Two with a comprehensive 
review of the existing literature pertaining to observations and mechanical studies of 
microdamage in bone, as well as the contributions of tissue structural features to its 
mechanical integrity. Chapter Two then reviews prior mechanical testing approaches 
for trabecular bone tissue and especially the findings from nanoindentation-based 
studies. The development of solid mechanics theories to describe trabecular bone 
from elasticity to yield criteria is addressed. Finally a discussion is presented on the 
current state of the field with respect to describing the post-yield response of bone 
tissue to mechanical loading.  
The body of the thesis is separated into two distinct parts: firstly, an 
experimental investigation into the nanomechanical response of trabecular bone 
tissue, with a focus on the post-yield tissue response, and secondly, the development 
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and application of computational modelling and simulation approaches implemented 
using the FE Method.  
Part One covers the first and second objectives and consists of three chapters 
that present the experimental work. Chapter Three addresses the development of the 
nanoindentation testing methods, including sample preparation and preliminary 
experiments. Bovine bone is commonly used as a substitute for healthy human bone 
tissue in mechanical studies. Human bone, however, has some important inherent 
differences to bovine bone, especially when it comes to the diagnosis of 
osteoporosis. Thus it is valuable to explore the experimental results of human bone 
tissue experiments. In complementing existing studies performed on bovine bone and 
facilitating the optimum testing protocol definition for human bone tissue, Chapter 
Four presents and discusses results of testing on both bovine and human bone tissue 
using a single load nanoindentation testing approach. The chapter further discusses 
the role of bone mineral content and trabecular orientation, and the influence of 
ionising radiation from desktop µCT, examined using this approach. Chapter Five 
introduces an incrementally loaded nanoindentation testing technique to examine the 
post-yield behaviour of trabecular bone tissue. Experimental results using this 
technique on bovine and human bone tissue are presented and interpreted ready for 
comparison with computational modelling.  
Part Two shifts focus to cover the remaining third and fourth objectives in the 
development of an FE modelling approach to investigate and understand the post-
yield mechanics of trabecular bone tissue. The development of the FE model, 
including considerations for the geometry, meshing, loading conditions and post-
processing for simulations of the bone nanoindentation problem are presented in 
Chapter Six. Chapter Seven evaluates existing constitutive models that address 
plasticity in bone tissue, using both the single high load and incremental loading 
approaches. The material parameters are adapted to determine the optimal 
constitutive material model that best captures the post-yield behaviour of trabecular 
bone tissue as observed in the experimental results presented in Chapters 4 and 5. 
The experimental and constitutive modelling work is synthesised in Chapter 
Eight, discussing the results with respect to existing literature and the implications of 
the results. It also comments on the key limitations of the study and proposes future 
work from this thesis.  
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The concluding Chapter Nine summarises each chapter of the thesis, revisits 
the thesis aims and objectives, and reviews the significant and novel contributions of 
this doctoral thesis.   
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Chapter 2: Literature Review 
This chapter begins with a description of trabecular bone: its structure, state 
and function in health and disease, and the effects of ageing (Section 2.1). A 
comparison with cortical bone tissue is presented. A phenomenon that occurs with 
time in all bone tissue is the formation of microdamage, and in trabecular bone 
exclusively, the microfracture of trabeculae. The study of such microdamage is 
reviewed in Section 2.2: visualisation techniques, observations and the mechanics of 
microdamage. Subsequently the mechanics of trabecular bone tissue is reviewed, 
firstly from an experimental point of view (Section 2.3), then by constitutive 
modelling approaches (Section 2.4). In closing, Section 2.5 summarises and 
highlights the implications of this literature review, thereby developing the 
framework of this thesis.  
 
2.1 TRABECULAR BONE 
Trabecular bone is a sponge-like network of hard connective tissue, found in 
the middle of many whole bones that form the human skeleton. It can be most readily 
recognised at the ends of long bones, such as the femur, or in the middle of spinal 
vertebrae surrounded by a cortical bone shell (Figure 1-1).  
This highly macro-porous structure plays a number of important roles in the 
human body. It provides a storage solution for the body‟s bone marrow supplies, 
contributing a fitting environment for the production of blood cells. These marrow-
filled cavities create a lightweight structure, thereby reducing energy expenditure 
during body movement. Another storage solution comes in the readily available 
source of minerals, such as calcium, that can be taken from the bone when needed to 
meet the demands of homeostasis (Seeley, Stephens & Tate, 2003, p. 167). 
The foremost role of bone, however, is mechanical in nature. The skeleton 
protects bodily organs, facilitates movement, and transfers loads through the body, 
such as the forces generated in walking, lifting objects or by body weight. Trabecular 
bone collaborates with its surrounding cortical bone to provide an optimal solution to 
the skeleton‟s mechanical demands. Regions of high loading, such as the articulation 
 12 Chapter 2: Literature Review 
between bones, are filled with trabecular bone to distribute and dissipate the 
transferred load. Trabecular bone may act as a sacrificial mechanism for a whole 
bone, where plastic deformation, cracking or fracture within the network, dissipates 
energy, thereby protecting the greater structure (Fyhrie & Schaffler, 1994; Badiei, 
Bottema, & Fazzalari, 2007). As such, it allows the whole bone to continue to meet 
its mechanical demands and enables time for bone repair to occur. In the case of long 
bones, their torsional resistance is enhanced by having a non-solid central axis, 
created by the transition from cortical bone to trabecular bone to the marrow-filled 
medullary cavity (Seeley et al., 2003, p.168).  
In order to fulfil each of these roles, mechanical and otherwise, different levels 
of the bone hierarchical structure are recruited.  
2.1.1 Hierarchical Structure  
In its strictest scientific sense, hierarchy is used to describe and classify a 
system or series of successive rank (Oxford English Dictionary, 2004). This is an 
ideal term for bone, as there are several distinct levels of this material that provide an 
inextricable link to their mechanical behaviour. Each ranking of the system responds 
to mechanical loading in a different way, with lower levels contributing to the overall 
bone response. Depending upon the level of the hierarchy examined, the terms for 
describing both the structure and the mechanical response differ. One of the most 
readily evident challenges one faces when embarking on a study of bone mechanics 
is that of effective terminology. This section, in establishing a clear foundation of the 
engineering material to be examined, also aims to clarify the bone terminology of 
this thesis. 
The hierarchical structure of bone can be classified into three areas: 
macrostructure, microstructure and ultrastructure. 
Macrostructure 
The macrostructure of trabecular bone refers to its overall structure, instantly 
recognisable by its sponge-like appearance of calcified tissue and voids filled with 
bone marrow. It is no surprise that it often carries the name spongy bone. At this 
level, the structure is also termed cancellous bone. For clarity, the term cancellous 
bone will be used to describe the bone inclusive of bone marrow-filled spaces, while 
the term trabecular bone will be reserved for the bone tissue structure only.  
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Figure 2-1: The macrostructure of trabecular bone: A. plate-like, B. mixed and C. rod-like. Reprinted 
from Biomaterials, 27, Mathieu et al., Architecture and properties of anisotropic polymer composite 
scaffolds for bone tissue engineering, pp.905-916, Copyright (2006), with permission from Elsevier.  
 
The osseous trabecular network (Figure 2-1) is formed by rod and plate-like 
connectors or beams known as trabeculae (singular, trabecula). These are typically 
of thickness 100–300 µm separated by spaces of 300–1500 µm (Bueno & Glowacki, 
2011, p.11). The macrostructure can be characterised by a range of morphometric 
parameters based on these trabeculae (see Table 2-1). These parameters are typically 
determined using micro-Computed Tomography (µCT) data or an alternative 3D 
imaging technique, combined with mathematical modelling.  
Bone tissue is a highly metabolic material and is constantly in a state of 
turnover (Seeley et al., 2003, p.184). Therefore, it requires abundant supplies of 
nutrients through the vascular system and innervation (Jee, 2001, p.7). The bone 
marrow spaces provide vascular and neural access for trabecular bone. This also 
creates the large surface area in trabecular bone, across which bone remodelling 
occurs.  
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Table 2-1: Morphometric parameters of the trabecular bone macrostructure and methods for 
calculation according to Hildebrand, Laid, Müller et al. (1999). 
Parameter Details 
Bone surface area,  
BS 
Direct measurement OR Triangulation of bone phase of 
dataset using Marching Cubes algorithm 
Bone volume,  
BV 
Direct measurement OR Sum of tetrahedral filling of 
triangulated bone surface 
Bone volume fraction, 
BV/TV 
          
           
  (Typically 5-60% for trabecular bone) 
Trabecular thickness, 
Tb.Th 
Direct measurement by mean of maximal spheres fitting 
trabeculae OR Assuming a constant structure model (plate 
model),              
Trabecular spacing, 
Tb.Sp 
i.e. Thickness of marrow spaces. Direct measurement by 
mean of maximal spheres fitting marrow spaces OR 
assuming a plate model,                   
Trabecular number,  
Tb.N 
Number of plates per unit length. Inverse of mean 
distance between mid-axes of trabeculae OR Indirectly 
calculated by               
Bone Surface Volume 
Ratio, BS/BV 
                
          
  
Structure Model Index, 
SMI 
Indication of plate-like or rod-like form of a trabecula. 
SMI = 0, ideal plate; SMI = 3, ideal rod.  
Differential analysis of a triangulated surface as follows:  
                     
  ,  
where        is the surface area derivative with 
respect to a linear measure r, the radius of the trabecula, 
assumed constant. 
Degree of Anisotropy, 
DA 
Ratio between maximum and minimum radii of the MIL 
ellipsoid (mean intercept length) 
 
Microstructure 
The trabecular bone microstructure is focussed on the trabecula: the building 
block of the trabecular network (Figure 2-2). At this level feature dimensions are in 
the micrometre scale and require the aid of a microscope to resolve them clearly.  
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Figure 2-2: Trabecular microstructure: cross-section of trabeculae using backscattered electron 
imaging, showing osteocyte lacunae, cement lines and trabecular packets (hemiosteons). Darker 
regions contain less mineral than brighter regions of bone. Scale marker was omitted in the original 
publication. Reprinted from Micron, 36, Banse et al., Vertebral cancellous bone turn-over: 
Microcallus and bridges in backscatter electron microscopy, pp.710-714, Copyright (2005), with 
permission from Elsevier. 
 
Bone tissue consists of both an organic and inorganic (mineral) phase. The 
mineral content of the bone tissue changes with time due to bone remodelling 
processes, thus the bone mineral forms a non-uniform distribution across the tissue. 
This is a feature of the trabecular microstructure which can be clearly identified 
using backscattered electron imaging (BEI) (Figure 2-2). The bone mineral 
distribution forms trabecular packets, or hemiosteons, across the tissue and is a 
distinct outcome of bone cell activity (Parfitt, 1994). These packets are separated by 
cement lines (Jee, 2001, p.6). 
Bone cells also leave their mark in the form of the lacuno-canalicular network 
(Figure 2-3) dispersed throughout the bone microstructure. Lacunae are cell-sized 
voids on the order of 10 µm that house mature bone cells, or osteocytes. The cells 
communicate with each other through channels, the canaliculi, on the order of 
0.5 µm (Zhou et al., 2009).  
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Figure 2-3: Osteocyte lacunae and connecting canaliculi for cell communication in A. healthy bone, 
B. early stage and C. late stage osteoporosis. Scale bar ≈ 20 µm. Reprinted from The International 
Journey of Biochemistry & Cell Biology, 36, Knothe Tate et al., Cells in focus: The osteocyte, pp.1-8, 
Copyright (2004) with permission from Elsevier.  
Ultrastructure 
By definition, ultrastructure refers to the structure of biological material that is 
visible only under greater magnification that can be achieved using optical 
microscopy (Oxford English Dictionary, 2012). This level involves the most basic 
components of bone tissue: the bone mineral (~65%), organic matrix (Figure 2-4), 
bone cells and water (Jee, 2001, p.6).  
The organic matrix of bone tissue consists primarily of type I collagen (~90%) 
in the form of fibrils oriented together in bundles throughout the tissue. The 
remainder of the organic matrix is composed of non-collagenous proteins, such as 
osteonectin, osteopontin and osteocalcin (Majeska, 2001, pp.2-3). 
The mineral component of bone exists as impure hydroxyapatite crystals, of the 
chemical formula Ca10(PO4)6(OH)2, located exterior to the collagen fibrils and within 
the gaps between fibrils (McNally et al., 2012). The plate-like mineral crystals are 
typically 50 × 20 nm in length and width, with a thickness of 2–3 nm (Rho, Kuhn-
Spearing & Zioupos, 1998), as shown in Figure 2-4. 
2.1.2 Comparison with Cortical Bone 
Cortical or compact bone is the dense bone material found along the periphery 
of many whole bones (Figure 1-1). Its most striking difference to trabecular bone is 
observed at the macro-scale, where the highly macro-porous structure of trabecular 
bone is contrasted by the apparent solid of cortical bone. In reality, cortical bone is 
not solid, but rather filled with microscopic pores including, like trabecular bone, 
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cellular lacunae and canaliculi through which bone cells communicate. In fact, 
cortical bone typically contains about 5% voids to its total volume (Jee, 2001, p.9). 
 
 
Figure 2-4: Bone ultrastructure consists of bone mineral and collagen fibrils. Reprinted from Medical 
Engineering & Physics, 20, Rho et al., Mechanical properties and the hierarchical structure of bone, 
Copyright (1998), with permission from Elsevier. 
 
Further important differences exist at the microstructure of the two types of 
bone tissue. In cortical bone, the equivalent basic bone unit to the trabecula is the 
osteon or Haversian system (Figure 2-5). Similar to the trabecula, the diameter of the 
osteon is 100–300 µm. The concentric lamellae that form osteons contain collagen 
fibres oriented in specific and opposing directions, to provide strength to the tissue 
(Jee, 2001, p.5). Each osteon is immersed within the cortical bone macrostructure 
(Figure 2-5) and as tissue is replaced its remnants become interstitial lamellae. A 
similar feature of interstitial bone tissue occurs with the remodelling processes in 
trabecular bone.  
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Figure 2-5: Schematic diagram of cortical bone, with trabecular bone towards the middle (From the 
U.S. National Cancer Institute‟s Surveillance, Epidemiology and End Results Program).  
The centre of each osteon contains a Haversian canal, through which vascular 
access is facilitated, in contrast to access via the large surface area available in 
trabecular bone. This surface area also influences bone turnover, where remodelling 
rates are influenced by both biological (bone cell activity) and geometric factors, 
particularly the surface-to-volume ratio (Parfitt, 2002). Such differences in the 
remodelling activity between trabecular and cortical bone tissue can result in 
difference within the tissue, for instance a slightly lower ash content and higher 
water content in trabecular bone compared with cortical bone, as newer bone 
contains less mineral (Guo, 2001, p.4). The cement lines of cortical bone differ in 
density and geometry when compared with those surrounding remodelling packets in 
trabecular bone (Choi & Goldstein, 1992). The components that make up the bone 
ultrastructure, while formed in different ways, are essentially the same as for 
trabecular bone: bone mineral and organic matrix. 
2.1.3 Mechanical Properties of Cortical Bone Tissue 
In the literature of bone tissue mechanics, experimental studies of cortical bone 
tissue are more prevalent than those of trabecular bone tissue. This is in part due to 
the difficulties associated with working with small samples of trabecular bone. In 
order to perform conventional mechanical testing on tissue level trabecular bone, it is 
necessary to isolate individual trabeculae, or perhaps in younger bone, at least a 
plate-like region. This complexity of the trabecular structure, combine rod- and plate-
like regions, creates challenges in generalising trabecular bone mechanics. 
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Specialised testing equipment and sample acquisition methods, which are highly 
time-consuming, are necessary to study trabecular bone tissue. These methods are 
discussed in greater detail in Section 2.3. Conversely, larger and more manageable 
portions of cortical bone tissue, still representative of the tissue-level behaviour can 
be more readily obtained. The natural inclination may be to extrapolate the findings 
of cortical bone properties to trabecular bone, especially given that the fundamental 
make-up of both types is the same. However, there is evidence to suggest that such a 
generalisation of bone tissue behaviour would be an inappropriate approach. The 
manner in which the two types of bone are formed and their roles in the body differ: 
this is reflected in their mechanical properties.  
Throughout the literature on bone mechanics, the most highly reported 
mechanical property tends to be the Elastic or Young‟s modulus, E. Each modulus 
value is a reflection of the measurement technique used to achieve it and the intrinsic 
variability of a biological tissue, however a clear trend results: in each case where the 
two types of bone are compared, cortical bone exhibits a higher elastic modulus than 
associated trabecular bone tissue (see Table 2-2). This is a consistent trend, 
regardless of the chosen method of mechanical evaluation.  
Table 2-2: A selection of experimentally determined elastic moduli for cortical and trabecular bone 
samples. ø: diameter, l: length. 
Authors Method Cortical Bone Trabecular Bone 
Choi, Kuhn, 
Ciarelli et al. 
(1990) 
3-point bending 5.44 GPa 4.59 GPa 
Specimen size: (100–170) × (100–170) × ~1500 µm3 
Rho, Ashman 
& Turner 
(1993) 
Ultrasonic 
Microtensile 
20.7 ± 1.9 GPa 
18.6 ± 3.5 GPa 
14.8 ± 1.4 GPa 
10.4 ± 3.5 GPa 
Specimen size: 0.3 × 0.3 × 2.2 mm
3
 ø ~0.18 mm, l = 2.3 mm 
Zysset, Guo, 
Hoffler et al. 
(1999) 
Nanoindentation 20.1 ± 5.4 GPa 11.4 ± 5.6 GPa 
Test size: Lamellar level, indentation depth 500 nm 
Bayraktar, 
Morgan, 
Niebur et al. 
(2004) 
Apparent level 
testing & FEA 
19.9 ± 1.8 GPa 18.0 ± 2.8 GPa 
Specimen size: 2.5 × 3.0 × 11 mm
3
 ø = 8 mm, l = 32 mm 
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Reducing the size of test specimens increases the risk of significant errors in 
results, something which must be considered in trabecular bone tissue assessment. 
Rho and colleagues (1993) size-matched trabecular and cortical bone samples to 
avoid this problem and found that trabecular bone exhibited a lower Young‟s 
modulus than cortical bone tissue. They concluded that cortical bone tissue and 
trabecular bone tissue are different materials when viewed from the mechanical 
perspective. Localised testing techniques such as nanoindentation and 
computationally-derived values from larger scale testing agree with these findings. 
Extending the loading of bone tissue beyond the elastic range indicates further 
differences between cortical and trabecular bone tissue. Nanoindentation assessment 
of cortical and trabecular bone lamellae by Zysset and colleagues in 1999 showed 
that the lower measured elastic modulus for trabecular bone compared with nearby 
cortical bone was matched by a corresponding trend in hardness values, a complex 
measurement which includes both elastic and plastic components of deformation.   
The yield characteristics of cortical and trabecular bone tissue of the human 
femur were explored by Bayraktar and co-workers (2004) using apparent level
2
 
uniaxial testing combined with high resolution, specimen-specific nonlinear FE 
analysis to derive tissue-level properties. Consistent with previous literature, the 
trabecular elastic modulus was found to be slightly lower than the corresponding 
value for cortical bone tissue. According to the 0.2% offset rule, the tensile yield 
strain of trabecular bone tissue was found to be 15% lower (0.62 ± 0.04 %) than its 
cortical counterpart (0.73 ± 0.05 %). However, the tissue strength asymmetry 
introduced by Niebur et al. (2000), was found to be similar in both trabecular and 
cortical bone types.  
Fatigue tests performed by Choi and Goldstein (1992) again showed an 
increased elastic modulus for cortical bone tissue, as well as higher fatigue strength 
compared with trabecular bone tissue. Further differences between the two types of 
bone have been reported with respect to damage formation within bone tissue, which 
is examined in greater detail in Section 2.2.  
Differences in microstructure between the two types of bone tissue may help to 
explain the differences observed in their respective mechanical responses. These 
                                               
 
2
 „Apparent level‟ properties refer to those of the combined trabecular network. See Introduction, p.2. 
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include the role of collagen fibres (Currey, 2003a), the position and orientation of 
ultrastructural features such as lacunae (McNamara, van der Linden, Weinans et al., 
2006), lamellae (Zysset et al., 1999; Hengsberger, Kulik & Zysset, 2002; Hoffler et 
al., 2005; Wang et al., 2008) and cement lines (Burr, Schaffler & Frederickson, 1988; 
Montalbano & Feng, 2011). A greater variation in local tissue density and 
mineralisation has been suggested for the greater heterogeneity in the material 
properties of trabecular bone (Bartel, Davy & Keaveny, 2006, p.79). 
The role of bone mineral content and its distribution has attracted much interest 
in the world of bone tissue mechanics, and it is generally thought to be a significant 
contributor to the response of bone tissue to mechanical load (Guo, 2001, p17; van 
der Linden et al., 2001; Currey, 2002, 2003b; van Ruijven, Mulder & van Eijden, 
2007), although there is some disagreement over the exact role of bone mineral and 
the size of its contribution to tissue level properties. In regards to trabecular bone 
tissue, this is discussed in more detail in Section 2.3. The bone remodelling and 
mineralisation processes differ across the two types of tissue. This is likely a 
contributing factor to the differences between the mechanical response of the two 
tissues and grounds for the mechanical analysis of trabecular bone tissue in its own 
right.  
In order to explain the differences between trabecular and cortical bone tissue, 
it is useful to consider the biological processes through which they are formed.  
2.1.4 Biological Basis of Bone 
Bone is a highly metabolic connective tissue and the material is constantly in a 
state of turnover. There are three main cell types in bone tissue that are responsible 
for its biological activity: osteoblasts, osteocytes and osteoclasts (Figure 2-6). 
Additionally, bone-lining cells are found covering the surfaces of bone tissue, which 
are actually quiescent osteoblasts (Jee, 2001, p.23). 
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Figure 2-6: Bone cells remodelling along the surface of a trabecula. Reproduced with permission from 
Seeman, E., & Delmas, P.D., (2006) Bone quality – the material and structural basis of bone strength 
and fragility. New England Journal of Medicine, 354:  2250-2261, Copyright Massachusetts Medical 
Society 
Bone Cells 
Osteoblasts are the bone builders. These cells are derived from mesenchymal 
progenitor cells to synthesise and lay down new material for bone. When active, 
these cells are cuboidal in shape and contain many cellular components for receiving 
and interpreting signals, manufacturing proteins (e.g. collagen) and releasing matrix 
products into the extracellular environment (Jee, 2001, p.15). As bone formation 
progresses, osteoblasts can become trapped within the freshly formed bone matrix 
and subsequently develop into osteocytes.  
Osteocytes are the most common cell type in bone tissue. Once captured within 
newly formed bone material, these ex-osteoblast cells mature by losing their cellular 
machinery required for bone formation and developing the long processes of the 
lacuno-canalicular network (Jee, 2001, p.23). The positioning of these cells and their 
communication system throughout the bone tissue has led to studies into their role as 
mechanosensory cells (Sikavitsas, Temenoff & Mikos, 2001).  
Osteoclasts are the bone material demolition team. These large, multinucleated 
cells have become specialised to dissolve the mineral component of bone and break 
down the organic matrix for further use by the body (Majeska, 2001, p.5). Their role 
explains why, in contrast to their bone cell counterparts, they are derived from the 
macrophage-forming cell lineage; they are related to immune cells responsible for 
digesting bad cells, pathogens and cellular debris.  
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All of these bone cells combine, as shown in Figure 2-6, to be responsible for 
the formation of new bone and the repair of damaged bone tissue.  
Bone Remodelling and Repair 
Bone tissue is initially laid down by osteoblasts as osteoid, a template for the 
bone structure without mineral. The bone cells replace the osteoid with carefully 
structured bone tissue, which gradually becomes more mineralised. Being a time-
dependent process, this leads to the non-uniform distribution of mineral content 
previously described in Section 2.1.1.   
Bone remodelling processes help to explain some of the differences between 
cortical and trabecular bone. Bone remodelling is a surface-driven process. The 
location of bone-lining cells across the surface of the bone tissue, some of which 
become active osteoblasts, reinforces the concept of higher turnover of bone material 
over the vast surface area of trabecular bone. The surface/bone volume ratio in 
trabecular bone is 20, compared with 2.5 for cortical bone (Jee, 2001, p.4). 
Mechanical stimuli and microdamage are involved in the initiation of a cellular 
response in bone tissue to begin the remodelling and repair process (Burr et al., 1985; 
Mori & Burr, 1993). Using FEA Prendergast and Huiskes (1996) investigated the 
change in local tissue strains in cortical bone lamellae and around osteocyte lacunae 
caused by microdamage. The study provided theoretical support to the link between 
microdamage and the initiation of bone resorption. In 2002 Lee and colleagues 
reported a relationship between microdamage, resorption cavities and newly formed 
osteonal bone to support the concept of microdamage-induced remodelling, 
following an activation-resorption-formation cycle.  
Although once thought to be an inactive participant in bone biology, the 
osteocyte is now accepted to be the protagonist in the initiation of bone remodelling 
(see reviews by Jacobs, Temiyasathit & Castillo, 2010; Rochefort, Pallu & 
Benhamou, 2010). The mechanical environment, in which bone cells reside, and in 
particular the osteocytes, is crucial to the biological activity that follows. Thus 
characterising the trabecular bone tissue environment, especially when subjected to 
strains that exceed yield conditions and may therefore lead to microdamage, will 
provide valuable insight into the nature of bone repair and remodelling.  
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This section has described the processes and bone cell properties as pertaining 
to tissue mechanics in normal healthy bone tissue. However, there are cases where 
biology goes awry with significant mechanical consequences, which are not only 
important to understand in the prevention and treatment of these conditions, but also 
in providing valuable insight into the role of different aspects of the trabecular bone 
tissue in its response to mechanical loading.  
2.1.5 Trabecular Bone in Disease 
A number of bone pathologies alter trabecular bone tissue, causing it to deviate 
from the response of normal healthy bone to applied load. One of the most well-
known diseases to have a significant impact on trabecular bone is osteoporosis, 
which will be discussed in the next section. Other particularly relevant bone 
pathologies include a range of metabolic bone diseases such as Paget‟s disease of 
bone, osteopetrosis, osteomalacia and osteogenesis imperfecta.  
Paget’s disease of bone is described as a „focal disorder of bone remodelling‟ 
(Cundy & Reid, 2012) and it is primarily concerned with the activity of osteoclasts. 
Sutcliffe (2010) explains that Paget‟s disease results in osteoclasts that are enlarged, 
in excess, and contain more cell nuclei than those of healthy bone tissue. The follow-
on effect of the pathologically increased osteoclastic activity is rapid increased bone 
formation by osteoblasts, leading to the focal increased and poorly formed bone mass 
characteristic of Paget‟s disease. It can affect one bone, monostotic, or more 
commonly multiple bones, polyostotic. Like osteoporosis, it tends to manifest during 
middle-age to later stages of life (Cundy & Reid, 2012). 
Another disease associated with the malfunction of osteoclasts is osteopetrosis. 
This rare inheritable disorder is characterised by increased bone density due to 
impaired bone resorption (Paterson, 1997). In the most severe cases, it can lead to 
insufficient space for the development of bone marrow and haematological failure, as 
well as the loss of auditory and visual abilities due to nerve compression (Del 
Fattore, Cappariello & Teti, 2008). The inability of bone cells to replace primary 
woven bone and repair microdamage, leads to bone fragility due to the accumulation 
of fractures over time and the loss of the bone tissue‟s mechanical properties (Del 
Fattore et al., 2008). 
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Osteomalacia is a metabolic bone disorder involving impaired mineralisation 
and consequently, an excess of osteoid throughout bones (Francis & Selby, 1997). In 
contrast to Paget‟s disease and osteopetrosis where abnormal osteoclasts are 
involved, osteomalacia is associated with osteoblast function and bone formation. 
The disease creates bone tissue that is much less stiff than normal bone and can 
deform easily. Perhaps counter intuitively, as the bones do not become brittle like in 
other bone diseases, osteomalacia also results in bone fractures. Skeletal deformity 
such as an atypical shape of long bone metaphyses can be identified in sufferers of 
rickets, the childhood form of the disease.  
Continuing with the paediatric focus on bone formation, Osteogenesis 
Imperfecta (OI) is the most common disorder causing bone fractures during 
childhood (Paterson, 1997). Glorieux (2008) explains that OI occurs when the body 
has difficulty synthesising type I collagen, the major component of the osseous 
organic matrix. The disease is characterised by bone fragility with low bone mass 
and is often, but not always, linked to a genetic mutation for a gene that encodes for 
collagen synthesis. This leads to altered mechanical properties of OI bone tissue. Not 
only do abnormalities occur in the organic matrix, but these also influence the 
mineral phase of bone tissue. The mineralisation effects mean that OI bone can 
become more brittle than healthy bone and fatigue damage accumulates more readily 
(Glorieux, 2008). 
Fractures are common to all of these diseases. Severe fractures and deformities 
may require orthopaedic implants such as those used for fracture fixation. 
Remodelling activity and the characteristics of microdamage formation have been 
shown to differ from the typical behaviour surrounding implants, depending on the 
local tissue properties (Huja, Katona, Burr et al., 1999). How will abnormal bone 
tissue respond to loading through an implant? Patients who require such surgical 
intervention would benefit from an improved understanding of the mechanical 
properties of the tissue. Such information could influence the implant design and 
identify the need for different implant properties compared with those for a patient 
who does not suffer from these metabolic bone disorders.  
Therapies used to treat these bone conditions influence the mechanical 
properties of the bone tissue. Bisphosphonates such as risedronate, alendronate, 
zoledronic acid and pamidronate, act to suppress bone turnover and are commonly 
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used to treat OI, Paget‟s disease and osteoporosis (Paterson, 1997; Sutcliffe, 2010; 
Sambrook & Cooper, 2006). Glorieux (2008) reported that OI patients treated by 
intravenous pamidronate showed an improvement in trabecular bone mass due to an 
increase in trabeculae but no measureable effect on trabecular thickness. Davison et 
al. (2006) performed a comprehensive review of the use of antiresorptive therapies to 
prevent bone fracture and their effect on bone strength. While the various therapies 
improve bone strength as a result of increased bone mass, the mechanisms to achieve 
this differ and thus also the tissue level effects such as changes to the mineral 
distribution, number of resorption pits and porosity, as well as microdamage 
accumulation. It is important to understand the mechanical consequences of drug 
therapies targeted at bone tissue, and how these differ from normal bone tissue.  
The investigation and understanding of these diseases will not only contribute 
to improved treatment for those who suffer from them, but also can potentially 
unlock mysteries about the roles of the specific bone tissue features altered in each 
disease to the mechanical properties of bone tissue.   
2.1.6 Osteoporosis and Ageing 
The mechanical properties of trabecular bone degenerate with ageing. 
Mosekilde (1988) observed a deterioration of the trabecular architecture within 
vertebral trabecular bone, primarily by the thinning and loss of horizontal trabeculae, 
but also by the loss of vertical struts. Theoretical modelling of the trabecular 
architecture by Silva and Gibson (1997) showed that both the thinning of trabeculae 
and the complete loss of struts considerably reduces the mechanical strength of the 
structure, with the complete loss of trabeculae having a more deleterious effect. This 
is consistent with experimental observations of Mosekilde and colleagues (1987) that 
demonstrated age-related reductions in the maximum stress, stiffness and energy 
absorption capacity of the apparent level vertebral trabecular structure.  
More recent experimental studies have investigated the effect of ageing in bone 
tissue. While the apparent level stiffness has been observed to decrease with age, 
Milovanovic and co-workers (2012) recently reported an increase in elastic modulus 
and hardness as measured by nanoindentation associated with ageing in female 
trabecular bone of the femoral neck region. They concluded that older bone was less 
able to absorb mechanical energy and thus more likely to result in microdamage 
formation under load. Green et al. (2011) observed that microdamage progression 
 Chapter 2: Literature Review 27 
within trabecular bone of aged individuals exhibited a less efficient energy 
dissipation mechanism, consistent with the earlier apparent level findings of 
Mosekilde and co-workers. Mori and co-workers (1997) showed that ageing bone 
material becomes deficient in osteocytes and accumulates microdamage.  
Seeman (2008) stated that a combination of reduced bone formation at the 
tissue and cellular level, with continued bone resorption and a postmenopausal 
increase in bone remodelling in women causes age-related bone loss. According to 
ash density measurements by Mosekilde and colleagues (1987), ageing trabecular 
bone tissue is comparatively more mineralised than younger bone. This follows a 
logical path considering that bone tissue becomes more mineralised over time when 
not replaced with new material. Conversely, Roschger et al. (2008) reported that 
tissue-level analysis of mineral content using quantitative Backscattered Electron 
Imaging (qBEI) did not identify a trend with patient age. A diagnosis of osteoporosis 
and subsequent treatment with antiresorptive therapies, however, did exhibit a shift 
from a normal healthy bone reference value. In many cases, the age-related changes 
discussed here are associated with and indicate the onset of osteoporosis.  
Osteoporosis is a debilitating bone condition which causes bone tissue to 
become fragile and brittle, significantly increasing the risk of whole bone fracture. 
Low bone mass and deterioration of the bone micro-architecture are characteristics of 
the disease (Sambrook & Cooper, 2006). An imbalance in bone remodelling 
processes results in increased fracture risk (McDonnell et al., 2007). The thinning of 
struts characteristic of osteoporosis along with the accumulation of microdamage can 
cause a reduction in elastic modulus and strength of the trabecular bone 
macrostructure (Keaveny, 2001). Along with changes due to loss of bone mass, a 
loss of connectivity within the trabecular architecture is observed in osteoporosis. A 
loss of connectivity is also observed within the osteocyte lacuno-canalicular network 
(see Figure 2-3) along with an increase in resorption spaces (Knothe Tate et al., 
2004).   
Osteoporosis affects more and more of ageing populations, both in Australia 
and throughout the developed world. Termed the „silent disease‟ as it often remains 
undiagnosed until a bone breaks, it affects one in every two women and one in every 
three men over the age of sixty in Australia (Osteoporosis Australia). Of those who 
experience a hip fracture, death follows within twelve months for approximately 
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25% and those remaining endure a reduced quality of life. A 2007 report 
commissioned into the disease in Australia by the Department of Medicine at the 
University of Melbourne found that osteoporosis contributes around $1.9 billion to 
the annual national health expenditure in direct costs alone. With Australia‟s ageing 
population, it is a serious public health issue that the country can ill afford to ignore. 
Osteoporosis is generally diagnosed using a bone mineral density test, typically 
by dual energy X-ray absorptiometry (DXA) (Compston et al., 2009). The resulting 
T-score is compared with the young female adult mean. A T-score greater than 2.5 
standard deviations below this mean is classified as osteoporosis. A single or 
multiple fragility fractures indicates severe osteoporosis (Compston et al., 2009). 
While DXA remains the gold standard in the clinical setting (Lane, 2006) and the 
most effective and practical way of clinically diagnosing bone fracture risk and 
osteoporosis, bone mass as measured by DXA alone does not fully explain nor 
predict fracture risk of bone (Sambrook & Cooper, 2006; Lane, 2006; McDonnell et 
al., 2007).  
Bone Quality 
The term bone quality was coined about a decade ago when researchers were 
discussing the factors that contribute to bone strength. It was acknowledged that the 
DXA scan was an incomplete method to quantify bone strength as the risk of bone 
fracture depended not only on how much bone was present, but also the quality of 
that bone tissue. While the literature shows some indecision over the exact definition 
of the term, it is consistent that it encompasses the features of bone tissue that 
contribute to its strength other than bone mineral density, as one would read from a 
DXA scan (Bouxsein, 2003; Compston, 2006; Hernandez & Keaveny, 2006; 
Seeman, 2003).  
In addition to bone mass, factors identified as contributing to bone quality 
include: 
 microarchitecture, including trabecular thickness, spacing and structural 
model index (Perilli et al., 2008; Garrison, Slaboch & Niebur, 2009; Shi, 
Liu, Wang et al., 2010), 
 porosity (Roschger et al., 2001), 
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 osteocyte lacunae, number, size and shape of remodelling cavities (Reilly 
& Currey, 2000; McNamara et al., 2006), 
 local mineral properties and distribution (Roschger et al., 2008), 
 organic matrix, collagen structure and cross-linking (Viguet-Carrin et al., 
2010; Paschalis et al., 2011), 
 plasma homocysteine levels through its influence on collagen cross-link 
ratio (Blouin et al., 2009),  
 accumulation of advanced glycation end-products in bone matrix (Tang & 
Vashishth, 2010), 
 bone glue filaments  (Fantner et al., 2005), and 
 medications for metabolic bone disorders, particularly due to their 
influence on mineralisation processes and microdamage formation 
(Benhamou, 2007). 
One of the factors never to escape a discussion on bone quality is the role of 
microdamage in bone tissue.  
2.2 MICRODAMAGE AND MICROFRACTURE IN TRABECULAR BONE 
Damage is reported to range in size from diffuse damage which requires 
careful staining to visualise (Vashishth et al., 2000) through to full fracture of 
trabeculae and callus formation in struts of the order of 500 µm (Koszyca et al., 
1990). 
Microdamage is the term used for microscopic linear cracks, diffuse damage 
and cross-hatching found within bone tissue. They are a normal physiological feature 
of bone tissue occurring as a result of mechanical loading (Donahue & Galley, 2006). 
Visual examples of microdamage are given in the journal article: Arthur Moore & 
Gibson (2002) Microdamage accumulation in bovine trabecular bone in uniaxial 
compression, Journal of Biomechanical Engineering, 124: 63-71. 
Microfracture, for the purposes of this thesis, refers to the discrete separation 
of a trabecula within the trabecular bone structure. In this manner, microfracture is a 
phenomenon unique to trabecular bone. It should be noted that some authors use this 
term synonymously with microdamage to discuss discrete damage of bone material, 
in both cortical and trabecular bone.  
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This section explores observations of microfracture and microdamage in 
trabecular bone and their mechanical implications.  
2.2.1 Observations of Trabecular Microfracture 
Observations of trabecular microfracture in human bone have been 
documented from the proximal tibia (Pugh, Rose & Radin, 1973), femoral head 
(Fazzalari, Darracott & Vernon-Roberts, 1983) and spinal vertebrae (Vernon-Roberts 
& Pirie, 1973). Pugh, Rose and Radin (1973) show a clean trabecular fracture from 
the medial tibial plateau with no evidence of remodelling or microcallus formation.  
The aftermath of a microfracture can often be identified by the presence of a 
bridge or microcallus assisting to repair the damaged sections of the trabecula (Banse 
et al., 2005). In this way, through microfracture and subsequent remodelling 
processes, Pugh, Rose and Radin (1973) and later Fazzalari (1993) discuss the 
concept that microfractures contribute the mechanism by which the trabecular 
architecture is remodelled to optimise its response to stress, and thus contributing to 
the characteristic trabecular structure discussed in Wolff‟s Law3 (Wolff, 1892). 
Examples of microcallus formation are shown in Figure 2-7.  
 
Figure 2-7: Microcallus in trabecular bone. A: SEM image showing 3D characteristics of a typical 
microcallus. The healing trabecula continued to the bottom left (arrows) but was broken during 
sample preparation. Scale bar: 100 µm. Reprinted with permission from Journal of Orthopaedic 
Research, 10, Blackburn et al. Mechanical properties of microcallus in human cancellous bone, 
pp.237-246, Copyright © 1992 Orthopaedic Research Society. B: BE image showing a microcallus 
joining three segments of a trabecular network. Reprinted from Micron, 36, Banse et al., Vertebral 
cancellous bone turn-over: Microcallus and bridges in backscatter electron microscopy, pp.710-714, 
Copyright (2005), with permission from Elsevier. 
 
                                               
 
3 Wolff‟s Law sought the relationship between stress trajectories and trabecular architecture. While 
Wolff did not correctly include biological aspects of bone remodelling, his law has directed study into 
the way bone adapts and remodels itself in response to applied load (Dibbets, 1992; Huiskes, 2000). 
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Mosekilde (1990) used SEM to demonstrate that the complete microfracture of 
trabeculae, leading to the absence of mechanical load through a trabecula, further 
resulted in rapid resorption of bone material. Uncoupled and therefore unloaded 
struts will disappear from the trabecular network and the transfer of load between the 
two sections of the trabecula is required to maintain it. Early observations by Pugh, 
Rose and Radin (1973) covered regions of bone remodelling around microfractures, 
including microcallus formation, and the resorption of bone tissue at rounded edges 
of a microfracture where a lack of mechanical loading would occur. Hansson and 
Roos (1981) observed that the incidence of microcalluses increased as bone mineral 
content decreased, as measured by dual photon absorptiometry. This was a consistent 
observation regardless of the donor‟s age (31–79 years). This aligns with the 
principle that newly formed bone, such as that expected to be found in rapidly-
formed microcalluses for healing, contains less mineral than older tissue. Less 
mineralised bone material within the microcallus is indicated by the lower greyscale 
values of the backscattered electron image shown in Figure 2-7B. 
Fazzalari (1993) described trabecular microfractures as a phenomenon of 
normal physical activity. However, trabecular microfractures have been implicated in 
pathological scenarios, such as the formation of acetabular bone cysts (Ohtani & 
Azuma, 1984). Conversely, their role in coxarthrosis was disproved by Koszyca, 
Fazzalari & Vernon-Roberts (1990). Microfractures are associated with age-related 
bone loss and osteoporosis. Fazzalari (1993) noted that the preferential loss of 
transverse trabeculae observed in spinal vertebrae (Twomey, Taylor & Furniss, 1983; 
Mosekilde, 1988) leads to a less stable network and favourable conditions for 
microfracture. Such loss of trabeculae creates significant changes in the loading 
distribution of trabecular bone (Silva & Gibson, 1997). 
The magnitude and type of loading at the apparent level of the trabecular 
structure influence the occurrence of microfracture. Ohtani and Azuma (1984) 
investigated the presence of microfractures in the acetabulum, most of which were 
localised in the area of greatest stress from the hip joint. Hansson and Roos (1981) 
found microcallus formation, and thus indications of microfracture, corresponded to 
sites of compression fractures within lumbar vertebrae. The orientation of the 
trabecula with respect to apparent level loading influences the occurrence of 
microfracture, as shown by the greater number of microfracture indicators in vertical 
 32 Chapter 2: Literature Review 
trabeculae of lumbar vertebrae demonstrated by Vernon-Roberts and Pirie (1973). 
This is also implied by the discriminative loss of horizontal trabeculae in vertebrae 
where fractured trabeculae in the transverse orientation would be less likely than 
vertical elements to reconnect and transfer load after fracture (Twomey, Taylor & 
Furniss, 1983; Mosekilde, 1988). 
Given the larger size of microfracture compared with matrix-contained 
microdamage, it is not surprising that the early study of mechanical damage in 
trabecular bone focussed on the fracture of trabeculae. As technology improved, a 
shift towards the assessment of microdamage over complete trabecular microfracture 
occurred. Fyhrie and Schaffler (1994) suggested that microcallus formation could be 
associated with microdamage within trabecular bone rather than complete 
microfracture alone. Referring to Mosekilde‟s study in 1990 that uncoupled 
trabeculae rapidly resorb and disappear, only microfractures through which load may 
transfer after fracture would be able to heal. Fyhrie and Schaffler (1994) showed that 
excessive loading (~15% apparent strain) of human vertebral bone, ex vivo, resulted 
in very few complete microfractures. Similar laboratory tests on bovine bone 
indicated that compressive loading of greater than 2% apparent strain was required to 
generate microfracture (Arthur Moore & Gibson, 2002). Monotonic loading in 
excess of an expected physiological strain range was required to generate 
microfractures. It was established that microdamage, specifically in terms of diffuse 
damage and microcracks, is generally more common than complete microfracture 
(Yeh & Keaveny, 2001). These considerations lead to the concept that microdamage 
acts as a precursor for microfracture, which in turn strengthened the shift towards the 
study of microdamage.  
2.2.2 Techniques for Microdamage Evaluation 
A variety of methods have been developed to detect bone microdamage. The 
characterisation of microdamage, like most aspects of bone, depends on the size 
scale at which is it examined and the capability of the selected approach. For 
instance, that which appears to be diffuse damage by one imaging technique may 
prove to be linear cracks at a scale below the resolution of the imaging tool. 
Therefore it is necessary to first review the techniques used for microdamage 
evaluation before considering the implications of observations.  
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Staining for Microdamage 
The earliest evidence of the existence of in vivo microdamage was published in 
1960 by orthopaedic surgeon Harold Frost. He used an en bloc staining technique of 
basic fuchsin stain dissolved in ethanol to prove the existence of microcracks in 
human ribs, identified as separate to artefactual cracks created during sample 
preparation. Frost‟s work paved the way for many studies into bone microdamage 
and his original technique, having been validated by Burr and Stafford (1990) and 
refined over the years (Burr & Hooser, 1995; Burr et al., 1998), remains today the 
gold standard in bone microdamage assessment (Figure 2-8A).  
While basic fuchsin is useful for establishing the presence of microdamage 
(Figure 2-8A), it provides a single snapshot in time. Lee and colleagues extended this 
approach using a sequential labelling staining protocol for assessing stages of crack 
propagation (Lee et al., 1998, Lee et al., 2000, O'Brien et al., 2002), an example of 
which is given in Figure 2-8B. The technique uses chelating agents that adhere to 
damaged tissue, combined with imaging at specific wavelengths of light to excite 
each stain separately, thus distinguishing between damage formed at different points 
in time. The technique was further improved by measuring the affinity of each 
chelating agent for calcium ions (Ca
2+
) released when a discontinuity occurs in bone 
tissue. This instructed the order of staining and enabled better visualisation of 
sequential stages of microcrack propagation. In this manner in vivo damage 
formation can be identified and contrasted to damage created during stages of 
mechanical testing in the laboratory.  
 
Figure 2-8: Staining for microdamage. A. Basic fuchsin staining. Arrows (left to right) indicate a 
linear microcrack, cross-hatching and diffuse staining. Reprinted from Bone, 22, Fazzalari et al.,  
Assessment of cancellous bone quality in severe osteoarthrosis: Bone mineral density, mechanics, and 
microdamage, pp.381-388, Copyright (1998) with permission from Elsevier. B. Sequential labelling of 
a fracture surface using alizarin complexone (red), calcein (green) and oxytetracycline (yellow). Scale 
bar: 100 µm. Reprinted with permission from Journal of Anatomy, 203, Lee et al. Detecting 
microdamage in bone, pp.161-172, Copyright © 2003 John Wiley and Sons. 
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It is important to note that the quantification and description of microdamage is 
a somewhat subjective task. Not all microcracks may be stained and there is a degree 
of uncertainty as to identifying and classifying the different forms of microdamage. 
Consequently, several authors have developed microdamage criteria to describe the 
size and appearance of microcracks under the microscope (Burr & Stafford, 1990; 
Lee et al., 1998; Zioupos, 1999).  
Microdamage in 3D 
While the histological staining techniques described are generally applied 
using en bloc staining followed by thin slide preparation, they provide little 
information about the true 3D nature of microdamage. Mathematical theory has been 
applied to estimate the 3D characteristics of microcracks from 2D information 
(Taylor & Lee, 1998); however there is a need for actual 3D observations. This has 
been performed with varying success using confocal laser scanning microscopy 
(CLSM) and micro-computed tomography (µCT), combined with staining techniques 
(Figure 2-9).  
 
Figure 2-9: 3D quantification of microdamage. µCT reconstruction with lead-uranyl sulfide staining 
of microdamage in trabecular bone. Reprinted from Bone, 40, Tang & Vashishth, A non-invasive in 
vitro technique for the three-dimensional quantification of microdamage in trabecular bone, pp.1259-
1264, Copyright (2007), with permission from Elsevier. 
CLSM is commonly used to image cells but has also been applied to visualise 
microcracks, combined with fluorescence and sequential labelling (Fazzalari et al., 
1998a; Vashishth et al., 2000; Zarrinkalam et al., 2005; Cook et al., 2006). It has the 
capability to capture some 3D information about microcracks and their relationship 
to features of the bone tissue like vascular canals. It has also been used to examine 
local bone tissue effects of orthopaedic implants using a rabbit bone model of the 
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bone-titanium interface (Piattelli et al., 1994). Unlike electron microscopy, CLSM 
can be performed with the sample in a fully hydrated condition. As always there is a 
measurement compromise and due to CLSM relying on the penetration of light into 
the sample, particularly with such a dense material as bone tissue, researchers are 
limited by imaging depth. Fazzalari and colleagues (1998a) achieved a maximum 
depth of 100–150 µm of light penetration.  
Computed tomography methods are designed for non-invasive 3D imaging of 
objects. Data from µCT has proven particularly useful in the generation of specimen-
specific FE models. The resolution of a standard desktop µCT depends on the 
machine capabilities and sample size, but under optimal settings can achieve 7 µm 
voxels (Peyrin et al., 1998). While this is small enough to resolve fractured struts, it 
does not allow comprehensive microdamage evaluation.  
The microdamage measurement capability using µCT has been enhanced by 
the development of several radiographic staining methods. Introduced by Schaffler 
and colleagues in 1994 using backscattered electron imaging and further investigated 
by Tang and Vashishth (2007), a lead-uranyl acetate staining method combined with 
µCT can be used to image bone microdamage (Figure 2-9). Concurrently, Wang and 
colleagues (2007) pursued the 3D visualisation of microdamage using a barium 
sulphate based stain. In 2006, Parkesh and co-workers used a series of iodinated 
x-ray contrast agents to visualise cracks on a cortical bone surface using a model of 
microdamage in the form of linear surface scratches created with the sharp metallic 
point of a compass (technical drawing instrument). Unfortunately, the radiopaque 
property that makes these stains so effective also introduces important safety 
concerns for researchers using the technique. 
While µCT staining methods enable the identification of microdamage and its 
location within the apparent trabecular network, sufficient resolution of the damage 
morphology has not been achieved using this approach. Desktop µCT methods 
currently cannot enable the quantification of typical microdamage values, such as 
microcrack density and length. These details, however, could be established using 
additional and time-consuming histological techniques of the same sample, as 
suggested by Wang et al. (2007). They could also be achieved by increasing the 
imaging power.  
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Synchrotron radiation CT extends the concept of desktop µCT by using a 
highly collimated monochromatic light source. It is able to resolve features to a voxel 
size of approximately 2 µm (Peyrin et al., 1998), thus the morphology of 
microdamage can be determined without the need for histological staining. This 
eliminates the risk of microdamage not being properly stained. Examples of linear 
microcracks and cross-hatching resolved by synchrotron radiation CT are presented 
in Figure 2-10. The importance of measuring the 3D morphology of microdamage is 
emphasised in insets A and B, where a linear microcrack has a very different 
appearance depending on the plane in which it is viewed.  
 
Figure 2-10: Synchrotron radiation CT imaging of microdamage: blue – microdamage, purple – 
osteocyte lacunae. A. Front view of linear microcrack; B. Side view of linear microcrack in A.; C. 
Parallel microcracks; D. Cross-hatched microcracks. © Larrue et al. (2011) PLoS ONE 6(7). 
Synchrotron radiation CT has its drawbacks. Relatively few synchrotron 
facilities exist around the world. The high costs associated with using such 
equipment, along with competitive access, are an obstacle to its widespread usage in 
bone microdamage studies. With respect to the technique itself, the high imaging 
resolution comes at the cost of the field of view. Although it has been applied in a 
dynamic testing method (Thurner et al., 2006), it is not strictly a real-time testing 
technique due to lengthy image acquisition times to achieve appropriate resolution. 
Images can be distorted by specimen movement or time-dependent behaviour under 
load during image capture. The effects of ionising radiation, such as that generated 
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by synchrotron radiation CT, can deteriorate the mechanical properties of bone 
tissue, specifically the post-yield response and fracture toughness (Barth et al., 2010). 
Consequently, dynamic studies of microdamage generation by this method could be 
misleading.  
One of the most obvious disadvantages of microdamage assessment techniques 
is the time delay between damage initiation and visualisation. Thurner et al. (2007) 
reported a correlation between damage formation and whitening of bone tissue under 
load using high speed photography. Acoustic emission methods, where measured 
acoustic „events‟ correlate with mechanical phenomena such as the onset of yield, 
have also been used to investigate microcracking and microfracture of bone (Jonsson 
& Eriksson, 1984; Wells & Rawlings, 1985; Zioupos et al., 1994).  
As an alternative to address the 3D distribution of microdamage in trabecular 
bone, Bigley and colleagues (2008) developed a serial milling-based approach 
combined with xylenol orange staining for microdamage detection. The method uses 
a high resolution CCD (charged-coupled device) digital camera to take sequential 
images through a trabecular core after milling intervals. Although time-consuming 
and destructive to the bone sample, this approach extends the traditional histology 
approach to obtain 3D information. Like the µCT methods, this approach can 
identify the presence of microdamage but is not able to differentiate between the 
forms of microdamage such as linear microcracks and cross-hatching.  
Surface Analysis Techniques 
Scanning Electron Microscopy (SEM) has been widely used as an end-point 
microdamage imaging method and to assess the impact of cellular behaviour on bone 
(Mosekilde, 1990, Fantner et al., 2004, Parkesh et al., 2006, Seeman, 2008, 
Jungmann et al., 2007, Parkesh et al., 2007). For the highest resolution and best 
quality images using the SEM, complete dehydration and coating with metal or 
carbon are required to prevent charging of biological material by the electron beam. 
Environmental SEM (ESEM) is an alternative imaging mode which requires only 
low vacuum operation and hydrated samples can be imaged, with a trade-off over the 
image quality, typically much less than conventional SEM (An & Gruber, 2003). 
Quantitative backscattered electron imaging (qBEI) is a technique used to 
characterise bone tissue mineral density and distribution across a carefully prepared 
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surface of bone. Developments of the technique were presented during the 1990s 
(Boyce et al., 1990; Roschger et al., 1995; Bloebaum et al., 1997), culminating in its 
validation by Roschger and colleagues in 1998. It has since enjoyed widespread use 
in studies of bone tissue (e.g. Ferguson, 2009; Hoc et al., 2006; Smith et al., 2010; 
Zebaze et al., 2011).  
SEM is based on the principle that electrons bombarded at a specimen surface 
will induce characteristic interactions. One such interaction is the generation of 
backscattered electrons (BE).  
A BE detector, located surrounding the electron beam above the sample, 
collects BE as the beam scans over the sample. The greyscale of the acquired image 
indicates the BE intensity, which correlates to the atomic number of the excitation 
volume of material beneath the electron beam (approx. 0.5 µm deep). In the case of 
bone tissue, the calcium content of the bone mineral dominates the BE response. 
Therefore, the BE greyscale can be calibrated and used to determine the mineral 
density of bone tissue. 
In addition to electron microscopy, Atomic Force Microscopy (AFM) is 
another surface analysis tool which has been used to examine the damage behaviour 
of bone tissue at very high resolution. The technique uses a fine probe tip to map the 
topology of a carefully prepared specimen surface. The Hansma Laboratory has 
employed AFM to examine the role of the organic matrix and nano-scale bonds in 
the fracture behaviour of bone tissue (Fantner et al., 2004, 2005, 2006; Hassenkam et 
al., 2004). The AFM technique has previously been used in the analysis of bone 
nanoindentation (Hengsberger, Kulik & Zysset, 2002; Mullins, Bruzzi & McHugh, 
2009; Norman et al, 2007).   
Developed from its predecessor, the scanning tunnelling microscope, AFM 
works by running a fine stylus over a material‟s surface in a raster pattern to record 
information about the interaction with the sample, particularly its surface height 
variation. The stylus is mounted on the end of a small cantilever, the deflections of 
which are measured and used to map the topography of the surface (Figure 2-11). It 
can also provide information based on this interaction, such as the strength of the 
force attracting the tip to the surface, giving information about the sample elemental 
content.  
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Figure 2-11: Intermittent contact mode AFM (Roduit, C. “AFM figures” 2010, www.freesbi.ch, 
Creative Commons Attribution). 
There are several types of AFM available, including constant, intermittent and 
non-contact modes. The intermittent contact mode AFM (its operation is shown in 
Figure 2-11) is ideally suited to biological materials as it interacts minimally with the 
surface to accurately record its form and is not influenced by lateral forces across the 
sample, such as friction.  
Using these surface analysis techniques, along with histological staining and 
3D visualisation methods, microdamage formation in bone tissue has been examined 
from the apparent level bone structure down to the components of the organic matrix. 
In the next section observations using these techniques are discussed.  
2.2.3 Observations of Microdamage 
Harold Frost predicted that his demonstration of in vivo microcracks would 
lead to a better understanding of the mechanical response of bone tissue to stress and 
the effects of ageing and disease, as well as the „peculiarities of bone mineral‟. This 
was a prediction that was well founded. A great number of studies have been 
performed to examine these topics, as well as to assess the effects of therapeutic 
interventions on the damage behaviour of bone tissue.  
Morphology of Microdamage 
In his landmark paper, Frost described four types of microcracks in sections of  
human cortical bone of the rib as occurring (i) in the plane of cement lines, (ii) 
parallel to lamellae, (iii) across lamellae and, occasionally, (iv) entering Haversian 
systems. Frost attempted to correlate the microcrack formation with resorption 
spaces, but was unable to confirm such a relationship. In any case, the interaction 
between microcracking and the features of the tissue microstructure were earmarked. 
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Using a bovine cortical bone analogue under load, Zioupos and Currey (1994) 
provided further evidence on the interaction of microcracking with the local tissue 
features, guiding the direction of crack propagation. In contradiction to the idea of 
tissue features acting as stress raisers, the naturally occurring cavities in laminar 
bone, such as vascular spaces, were reported to be sufficiently reinforced to prevent 
microcracks originating from them, and further still seem to deflect microcracks 
away. The authors were, however, convinced that microcracking was associated with 
greater mineral content at the tissue level.  
These microdamage studies were performed on cortical bone. It follows from 
the remodelling processes and observed differences in mechanical properties (see 
Section 2.1) that the two types of bone tissue would exhibit different mechanisms to 
deal with microdamage. Choi and Goldstein (1992) performed a study on human 
bone from a single human tibia to compare the fatigue properties of size-matched 
cortical and trabecular bone specimens. While agreeing with earlier work that 
cortical bone tissue is stiffer than trabecular bone, their results of four-point bending 
also showed that trabeculae underwent far more deformation prior to failure than the 
equivalent cortical bone specimens. Once failure had occurred, SEM showed that the 
fracture surfaces were different between the two tissue types. Figure 2-12 shows 
microcracking leading to fracture within the cortical and trabecular bone samples.  
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Figure 2-12: Backscattered electron images (×400 magnification) of microcracking patterns, indicated 
by the arrows, caused by four-point bending in cortical (A) and trabecular (B) bone tissue. Sample 
width ~120 µm. NB: The thin straight lines are polishing artefacts. Reprinted from Journal of 
Biomechanics, 25(12), Choi & Goldstein, A comparison of the fatigue behavior of human trabecular 
and cortical bone tissue, pp.1371-1381, Copyright (1992), with permission from Elsevier. 
Trabeculae displayed a complex pattern: oblique failure surfaces in trabeculae 
compared with transverse cracking in cortical tissue. The authors suggest that the 
cement lines, surrounding trabecular packets instead of osteons as in cortical bone, 
play a different role in microdamage propagation. Accumulation of microcracks 
through cement lines across a thin trabecula may ultimately lead to trabecular 
microfracture, whereas equivalent cracking in cortical tissue would be hindered from 
propagation by those very cement lines. This observation brings into question the 
validity of comparing size-matched cortical bone tissue sections with trabeculae. 
While enabling a more direct comparison of the tissue by mechanical testing, a 
cortical bone tissue sample is designed to function surrounded by bone tissue 
whereas trabeculae are designed to carry load as a separate entity.  
Expanding on Frost‟s work and using basic Fuchsin staining, Schaffler, Choi 
and Milgrom (1995) observed a change in the morphology of microdamage with age, 
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for instance, microcracks were rarely observed in bone from individuals under 40 
years old. In their study of human cortical bone from the proximal femur of 16 males 
(16–73 years) and 9 females (28–63 years), they found that microdamage 
accumulation increased exponentially with age in both male and female bone tissue. 
In addition, this rate was significantly higher for females. It was concluded that with 
age, microdamage accumulates more quickly than the body is able to repair, 
contributing to a more fragile skeleton. 
Wenzel, Schaffler and Fyhrie (1996) observed two types of microcracking, 
namely linear microcracks and, less frequently, cross-hatching surrounded by diffuse 
damage in human vertebral trabecular bone. Like Frost‟s cortical bone study, they 
found linear cracks within cement lines, but also throughout the interstitial bone. 
Linear microcracks were generally clustered in a parallel pattern near trabecular 
surfaces on one side only of vertical trabeculae. Cross-hatching, when present, 
appeared preferentially on vertical trabeculae.  
Confirming with a variety of detection methods, Vashishth and colleagues 
(2000) found that diffuse damage occurred more frequently within trabecular packets 
as opposed to interstitial bone in their study of vertebral trabecular bone. They found 
that in vivo diffuse damage was not necessarily associated with larger scale 
microcracking, and was an independent damage phenomenon repaired by biological 
processes. The damage disturbance of the bone matrix at which cellular signalling for 
repair may be initiated could start at the diffuse damage level rather than larger 
cracking.  
Among many of the papers investigating microdamage formation in bone 
tissue, mineralisation is often flagged as contributor (Choi & Goldstein, 1992; 
Zioupos & Currey, 1994; Fazzalari et al., 1998b; Wasserman, Yerramshetty & 
Akkus, 2005; McDonnell et al., 2007; Nagaraja, Lin & Guldberg, 2007; Busse et al., 
2009; Jungmann et al., 2011; Szabó et al, 2011). Like microfractures, microcracking 
appears to correlate with increased local mineral content. Wasserman, Yerramshetty 
and Akkus (2005) found across six human male femoral cortical bone tissue sample 
of various ages (31-84 years) that the mean mineralisation, as measured by Raman 
microspectroscopy, was higher in regions of microdamage. They describe these 
regions of bone tissue as „damage prone brittle volumes‟. Using an early form of 
µCT, Choi and Goldstein (1992) suggested that the heterogeneous mineral 
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distribution and cement lines of trabecular bone, compared with a uniform 
distribution in corresponding cortical bone samples, contribute to the different 
fatigue responses of the two tissue types.  
Population Trends  
Although only limited age-related data was available, Frost suggested in his 
1960 paper that differences in microcracking behaviour may occur between cortical 
bone from younger and older individuals, specifically regarding the location of 
cracks shifting from the cement lines to extrahaversian bone. The established 
increase in bone fragility with age has been assessed by several groups with respect 
to the characterisation of microdamage.  
Wenzel, Schaffler and Fyhrie (1996) examined the volume and morphology of 
microdamage with respect to age, gender and race in vertebral trabecular bone. 
Unexpectedly, age (23–96 years, across 64 donors in four groups) did not appear to 
influence microdamage volume in the vertebral trabecular bone samples examined. 
However, Mori and colleagues (1997) found a significant increase in microdamage 
of the femoral head in women over 70 years old compared with their younger 
counterparts, even in those without signs of osteoarthritis. No difference was 
measured between women who had and had not experienced previous fracture. 
Corresponding with increased volume of microdamage, osteocyte lacunar density 
was found to be significantly reduced in bone tissue of older and fractured 
individuals. This was declared as support for the concept of the osteocytic network 
detecting microcracks and signalling for their repair.  
Fazzalari et al. (1998b) presented further data from a sample of femoral head 
tissue from osteoarthritis patients, supporting a positive relationship between 
microdamage and ageing. Their data showed a strong increase of microdamage with 
age in trabecular bone; however, the authors noted that disease processes could 
combine with ageing to create these observations. All three studies used bulk staining 
2D histology techniques for microdamage evaluation.  
Comparing old and young bovine trabecular bone by uniaxial compression 
testing and FE analysis, Nagaraja, Lin and Guldberg (2007) correlated local stresses 
and strains with the presence of microdamage within trabeculae. Changes in mineral 
density and trabecular architecture were observed to change with age and their role 
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considered in mechanical response. They observed that older bovine bone exhibited a 
reduced capacity to resist microdamage and that microdamage altered the local stress 
and strain within the tissue.  
The effects of gender and race on microdamage in vertebral trabecular bone 
have been examined. While Wenzel, Schaffler and Fyhrie (1996) found no 
significant differences between genders, a racial difference was statistically 
determined between the male sample sets. Diffuse damage was shown to occur in 
greater volumes in the trabecular bone of men compared with women, but no effect 
was observed between races studied (Vashishth et al., 2000).  
Therapeutic and Surgical Interventions 
Many of the therapeutic drugs used to treat bone metabolic disorders aim to 
control cellular remodelling processes. In the case of osteoporosis, commonly 
prescribed bisphosphonates suppress bone turnover. Bisphosphonate use in beagles 
has been shown to cause microdamage accumulation (Hirano et al., 2000; Mashiba et 
al., 2001), however, its mechanical implications are not well understood. Allen and 
Burr (2007) reported that bisphosphonate-related microdamage accumulation may be 
an early effect, with similar amounts of microdamage measured after three years 
compared with one year of treatment. The microdamage accumulation occurs to a 
greater extent in trabecular bone compared with cortical bone tissue (Allen & Burr, 
2011), a finding which again highlights the need to study the mechanical properties 
of trabecular bone tissue in its own right.  
In an effort to understand the effects of bisphosphonate use on trabecular bone 
tissue, O‟Neal and colleagues (2010) combined FE modelling with uniaxial 
compressive testing of bisphosphonate-treated bone. They found that local von Mises 
stresses associated with microcrack initiation (identified by en bloc staining) in 
treated trabecular bone were approximately 25% lower than in control samples. 
However, trabecular architecture, which is influenced by bisphosphonate treatment, 
was noted to play an important role in microdamage behaviour. The study shows the 
importance of understanding changes to bone quality as a result of drug treatments. 
Allen and Burr (2011) provided a comprehensive review of the effects of 
bisphosphonate treatment on bone turnover, microdamage and mechanical 
properties. They highlighted that the relationships between microdamage 
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accumulation and fracture risk, as well as the specific mechanisms for the increase in 
microdamage and the nature of microcrack initiation and growth under the influence 
of bone turnover-suppressing drugs still elude us.  
Orthopaedic implants are often used in the treatment of skeletal disorders and 
injuries, such as for fracture fixation and joint replacements (Bartel et al., 2006, 
p.235). The interaction of these artificial implants with bone tissue is crucial to their 
success. Of particular interest is microdamage formed during implant placement, as 
well as the subsequent changes to stress distributions in the osseous neighbourhood 
of the implant and the related formation of microdamage. Huja and co-workers 
(1999) examined microdamage formation around endosseous implants in an animal 
model using basic fuchsin staining. By comparing titanium screw implants under 
cantilever loading directly after surgery with those allowed 12 weeks of healing, they 
attributed the high success rates of endosseous implants to rapid remodelling around 
the implant, which creates tissue that is more compliant and less conducive to 
microdamage initiation.  
2.2.4 Mechanics of Microdamage in Trabecular Bone 
Having considered previous studies in which in vivo microdamage was 
assessed, the focus is now shifted to experimental studies used to investigate the role 
of mechanics in microdamage formation. In 2003, David Burr wrote that due to a 
paucity of data on the relationship between microdamage and biomechanical 
properties, the role of microdamage in whole bone fracture and its associated risk 
remained unclear.  
Fazzalari et al. (1998b) indicated that microcrack morphology corresponded to 
shear stress and that only trabeculae perpendicular to the loading direction failed 
completely under ex vivo uniaxial compressive loading of trabecular bone from the 
femoral head. Both Fyhrie and Schaffler (1994) and Arthur Moore and Gibson 
(2002) observed cross-hatching microdamage towards the centre of trabeculae, in 
particular those oriented parallel to the primary loading direction. Fyhrie and 
Schaffler (1994) noted engineering theory dictates that a cross-hatching damage 
pattern corresponds to shear loading. Thus established itself the theory of shear 
stresses being responsible for microdamage creation within bone tissue.  
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In 1999, Reilly and Currey performed four-point bending experiments on 
cortical bone from a horse radius to investigate the role of the physiological loading 
mode on bone tissue microdamage properties. Their observations show that bone 
tissue adapts to a given loading mode and that this in turn influences the formation of 
microdamage. For instance the posterior cortex of an equine radius is primarily 
loaded in compression. Test specimens from this region exhibited only small 
microcracks with diffuse damage. Conversely, the anterior portion of the radius 
which is stronger in tension, showed a greater amount of microcracking, with longer 
cracks and less diffuse damage. Tensile cracking occurred at lower strain compared 
with compressive cracking, corresponding with the primarily compressive nature of 
cortical bone loading. Although a cortical bone study, this study established the 
importance of considering the in vivo loading conditions to which the tissue in 
question is subjected and the way bone tissue adapts to that loading. It follows that 
observed differences between different orientations of trabeculae may be as a result 
of different primary in vivo loading conditions.  
The type of loading influences the progression of microdamage in trabecular 
bone. Wang and Niebur (2006) performed ex vivo experiments on bovine trabecular 
bone to examine the effect of unusual loading conditions, such as might be expected 
with a fall. They combined torsional overload with uniaxial compressive overload at 
the apparent level on cores of trabecular bone. This influenced microdamage 
behaviour such that over 20% of the microcracks generated during an initial overload 
in torsion propagated during the subsequent compressive overloading. On average, 
these microcracks were longer than those formed during a single compressive 
overload. In the same year, George and Vashishth (2006) published findings that 
mixed-mode fatigue loading was associated with a dramatic reduction in human 
cortical bone fatigue life, when compared with uniaxial testing. These studies 
highlight the importance of loading mode in the formation and propagation of 
microdamage. 
Arthur Moore and Gibson (2002) found that microdamage was generated only 
at apparent strains of greater than 0.4% in compression. Reilly and Currey (1999) 
observed that cracks on the order of 100 µm only coalesced at very high apparent 
strains, in equine cortical bone. This matches observations that microfracture 
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happens infrequently and only under very high apparent strain levels (see Section 
2.2.1).  
A uniform mean microcrack length throughout a test sample, regardless of 
strain level studied, was noted by Arthur Moore and Gibson (2002) and by Wang and 
Niebur (2006). Both groups noted that the mean distance traversed by microcracks 
was comparable with distances between features of the microstructure, such as 
lacunae. Thus it was suggested that microstructural features of trabecular bone tissue, 
such as osteocyte lacunae, act to arrest microcrack growth.  
Observations showed that microdamage within tissue occurs before the onset 
of apparent level yield (Reilly & Currey, 1999; Nagaraja, Couse & Guldberg, 2005). 
In other words, local plastic behaviour occurs within bone tissue before it can be 
measured by loading of the apparent structure. Thus, not only are experimental 
observations of microdamage formation relevant in characterising trabecular bone 
tissue mechanics, but also the development of models to determine post-yield 
behaviour. 
Yeni, Hou, Ciarelli et al., (2003) combined µCT with FE analysis to investigate 
a relationship between predicted von Mises stress and in vivo microdamage in 
human thoracic vertebra. While in vivo linear microcracking followed the estimated 
higher regions of von Mises stress distribution, diffuse damage did not. This model, 
however, assumed homogeneous isotropic linear elasticity throughout the trabecular 
structure, which did not take into account material heterogeneity or variations in 
yielding behaviour. The authors noted that an alternative stress measure, that is not 
von Mises stress, may help to predict diffuse damage distribution.  
Nagaraja, Couse and Guldberg (2005) performed a similar study to compare 
predicted stress, strain and strain energy density distributions in trabecular bone with 
microdamage formation. This study was performed on bovine tibial trabecular bone 
and involved ex vivo stepwise uniaxial compressive loading combined with µCT 
imaging. They found damage formation did correspond to higher local regions of 
stress and strain, specifically at local maximum principal stress of 88–121 MPa in 
compression and 35–43 MPa in tension. The corresponding local maximum principal 
strains were 0.46–0.63% in compression and 0.18–0.24% in tension. Like Yeni and 
colleagues, they also found that not all microdamage could be explained by 
microstructural stress and strain using an homogeneous, isotropic and linear set of 
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material properties. They suggested that after the onset of local tissue failure, 
nonlinear behaviour may govern the mechanical response of trabeculae.  
Continuing with the use of computational approaches to explore the 
relationship between apparent level mechanical loading and microdamage formation 
conditions within trabeculae, Shi and colleagues performed FE analyses on cylinders 
of bovine tibial trabecular bone to investigate the role of trabecular type and 
orientation on predicted tissue yield. In contrast to previous models, Shi, Wang & 
Niebur (2009) used a bilinear elastic modulus with asymmetric principal strain yield 
criterion (compression yield at 0.83% and tensile yield at 0.41% strain). Modelling of 
two different boundary conditions to achieve on-axis or transverse apparent 
compressive strain to 1.2% was used to examine the effects of loading direction on 
tissue yield. They found that the on-axis loading correlated to local tissue yielding in 
the vertical trabeculae, i.e. those in the principal trabecular direction. In contrast, the 
transverse loading experiments showed that local tissue strains were consistent with 
bending rather than axial deformation of the trabeculae.   
Understanding the role of the type of trabeculae, rod- or plate-like, along with 
its relationship to the loading of the apparent level structure, helps to distinguish 
tissue-level behaviour from the influence of the microarchitecture. While some of the 
models presented achieved good correlation with measured apparent-level behaviour, 
can they capture what actually occurs at the tissue-level?  
2.3 EXPERIMENTAL MECHANICS OF TRABECULAR BONE TISSUE 
The literature reviewed in the previous section discusses observations of 
microdamage in trabecular bone and begins to address the relationship between 
mechanical loading and microdamage formation, but how does the material progress 
from the point of yielding to discrete microdamage? Here experimental techniques 
performed on the tissue level of trabecular bone are considered, from individual 
trabeculae to local mechanical testing to determine the contribution of the 
microstructure on the tissue‟s mechanical behaviour.  
2.3.1 Trabecular Tissue as a Continuum  
In order to determine trabecular tissue level properties, as distinct from the 
effects of trabecular architecture, the micromechanical testing of isolated trabeculae 
alone seems an obvious step. However, this is a technically demanding task and 
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relatively few studies have been published that perform conventional mechanical 
testing methods on individual trabeculae.   
Elasticity of Trabeculae 
Like experiments designed for exploring the macroscopic behaviour of bone, 
the majority of experimental study on trabeculae to date has aimed to quantify the 
elasticity of the material. This has been achieved mainly through specially designed 
testing devices to load excised trabeculae in tension, buckling or bending, as shown 
in Table 2-3. Non-mechanical approaches have also been used to quantify the elastic 
response of bone tissue, specifically ultrasound (Ashman & Rho, 1988; Rho, 
Ashman & Turner, 1993) and scanning acoustic microscopy (Hasegawa et al., 1995). 
Table 2-3 shows a wide variability in reported elastic moduli from 1.20–14.8 GPa. 
While this variability has not been reduced with further testing, the results 
consistently show less stiff bone compared with related cortical bone tissue and 
stiffer bone when water is removed from the material.  
Table 2-3: Experimentally-derived elastic moduli for human trabecular bone material (ø: diameter, l: 
length) 
Authors Sample Details Test Method E (± SD)
4
 (GPa) 
Townsend, 
Rose & Radin 
(1975) 
Tibial plateau, n=18, non-
machined trabeculae: 
(0.089–0.140) × (1.016–
1.778) × (0.254–1.016) 
mm
3
,  dry & wet 
Buckling, load 
capability 0–89 N, strain 
rates up to 0.135 mm·s
-1
. 
11.4 (wet) 
14.1 (dry) 
Ashman & 
Rho (1988) 
Femoral head, n=53, 
cylindrical samples 
ø 5 mm, l 15 mm, wet 
Ultrasound (US), 
50 kHz frequency 
13.0 ± 1.47  
Kuhn, 
Goldstein & 
Choi (1989)  
Iliac crest, n=42, 23 & 63 
yr, machined rectangular 
beams: (50–200) × (50–
200) × (1500–2000) µm3, 
wet 
Three-point bending, 
displacement rate: 
0.081 mm·s
-1
. 
3.03 ±1.63 (23 yr) 
4.16 ±2.02 (63 yr) 
Mente & 
Lewis (1989) 
Femoral head, n=6, 
trabeculae trimmed to 
regular geometry, wet 
 
Cantilever beam & FEA 7.8 ± 5.4   
                                               
 
4
 Standard deviation (SD), included where reported in publication. 
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Choi et al. 
(1990) 
Proximal tibia, n=20, 
machined rectangular 
beams: (100–170) × 
(100–170) × (~1500) µm3, 
wet 
Three-point bending, 
displacement rate: 
0.11 mm·s
-1
 
4.59 ± 1.60  
Choi & 
Goldstein 
(1992) 
Proximal tibia, n=23, 
Sectioned & milled to 
~120×120×1500 µm, wet 
Cyclic four-point 
bending, loading rate 
0.02 N·s
-1
. Min. bending 
stress 20 MPa 
5.75 ± 1.27  
Rho, Ashman 
& Turner 
(1993) 
Proximal tibia, n=20, non-
machined trabeculae, dry 
Tensile: 5.5 µε∙s-1, max 
load 1 N. 
Ultrasound: 2.25 MHz 
14.8 ± 1.9 (mech) 
 
10.4 ± 3.5 (US) 
Bini et al. 
(2002) 
Femoral head, n=3, non-
machined trabeculae, dry 
Tensile, compressive, 
loading rate 30 & 57 
mN·s
-1
, load range: -0.25 
–0.45 N 
1.41–1.89 (range) 
Busse et al. 
(2009) 
Iliac crest, vertebra, 
healthy vs. osteoporotic 
(OP), non-machined rod-
like trabeculae, dry 
Three-point bending, 
2 mm/min, load range 
0–50 N 
2.16 ± 0.53 (non-
OP) 
1.20 ± 0.55 (OP) 
 
Yielding and Beyond 
With the exception of Choi & Goldstein (1992) and Busse et al. (2009), the 
primary focus of the studies listed in Table 2-3 was to determine the elastic 
properties of trabeculae. Choi and Goldstein (1992), as mentioned in Section 2.2.3, 
also investigated the fatigue strength of individual trabeculae and found this to be 
lower than less mineralised cortical bone tissue from the same bone region (two 
tibiae) from a single male donor. Busse and colleagues (2009) extended the 
mechanical testing of individual trabeculae to consider morphometry, bone mineral 
density distribution and indicators of osteoporosis. Using a three-point bending 
approach, they used load-displacement output to determine Young‟s modulus, 
fracture load, yield strength, ultimate stress, work to failure and bending stiffness. 
All of these values were found to significantly decrease in osteoporotic tissue.  
Similarly, Jungmann et al. (2011) have combined three-point bending and FE 
analysis (linear elastic, isotropic material model) with high-speed photography, 
image correlation for local strain measurement and histological assessment of 
microdamage to investigate elasto-plastic deformation within individual trabeculae. 
A particular strength of this approach is the real-time analysis of microdamage 
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formation under load using the correlation of microdamage to whitening (Thurner et 
al., 2007). Their data support the application of an asymmetric yield criterion, with 
tensile strains playing a more substantial role in microdamage formation.  
Testing Considerations 
Mechanical testing on such a small scale inherently has many technical 
challenges and significant potential sources of error. In their review of such testing 
approaches for individual trabeculae, Luchinetti, Thomann and Danuser (2000) 
discuss these difficulties in depth. Sources of error include the compliance of 
measuring equipment, sample preparation, geometry and fixation, and the testing 
environment. Factors which may be neglected during conventional mechanical 
testing may obscure mechanical response at the microscale. Like most of the authors 
listed in Table 2-3, Luchinetti and co-workers (2000) identify the need to search for 
explanations as to the variability of measurements of trabeculae properties within the 
material itself and highlight the importance of understanding the role of the 
microstructure. 
2.3.2 Type and Orientation of Trabeculae 
The expected loading patterns and observations of changes in trabeculae over 
time (refer to Sections 2.2) suggest a difference between the roles and properties of 
trabeculae depending on their relative orientation. The orientation of trabeculae is 
most easily classified in spinal vertebrae where the trabecular structure neatly aligns 
with the anatomical transverse and cranial-caudal directions. It is here that Mosekilde 
(1988, 1990) and other workers (Twomey, Taylor & Furniss, 1983; Vernon-Roberts 
& Pirie, 1973) observed unequal number of orthogonal trabeculae, particularly in 
ageing bone. While testing individual trabeculae, Choi and co-workers (1990) 
identified trabecular orientation as a potential factor dictating the mechanical 
response of individual trabeculae. While they had insufficient samples for a 
statistically significant finding, their data showed a 27.5% increase in the elastic 
modulus of vertically oriented trabeculae within the proximal tibia compared with 
those positioned perpendicularly.  
Using nanoindentation, Roy and colleagues (1999) continued with the study of 
trabecular orientation in human lumbar vertebrae. Consistent with Choi et al. (1990), 
they found that the nanoindentation measurements of indentation elastic modulus and 
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hardness were higher in trabeculae aligned with the primary load-bearing direction, 
i.e. vertical trabeculae in vertebrae, and when indented in a direction consistent with 
the load-bearing direction of the given trabecula. This is consistent with 
microdamage studies (Reilly & Currey, 1999; Wang & Niebur, 2006; Shi, Wang & 
Niebur, 2009; Shi, X. et al., 2010) finding that damage formation depends on the 
loading mode applied and on the typical loading conditions of bone tissue.  
The type and orientation of trabeculae are not the only influences on its 
mechanical performance: there is also a variation in the local mechanical properties 
across the tissue from the periphery to its central axis. Sheep trabeculae have been 
shown to have an increasing elastic modulus and hardness towards the centre of a 
trabecula (Brennan et al., 2009). Norman et al. (2007) postulated that there is 
advantage in such a design in individual trabeculae in rendering the strut less likely 
to experience brittle failure at the outer edges of the strut. Having a lower Young‟s 
modulus at its outer boundaries will decrease a trabecula‟s resistance to bending 
(Norman et al., 2007).  
2.3.3 Role of Tissue Microstructure 
The role of microstructure in the initiation and formation of microdamage has 
been raised many times. Given the scale of these features, the combination of 
micromechanical testing, combined with FE analysis has contributed to advances in 
the topic.  
Prendergast and Huiskes (1996) developed a micro-FE model of the cortical 
bone tissue microstructure, including osteocyte lacunae and lamellae. Their goal was 
to simulate the consequences of microdamage, rather than predict its creation. Their 
model showed that the local deformation behaviour and stress distribution in the 
microstructure is altered by microdamage. A microcrack can serve to unload a 
lacuna, otherwise described as a stress-raiser. McNamara and colleagues (2006) 
combined accurate geometry acquisition, through both µCT and a serial milling- 
based approach to model the effects of resorption lacunae in a trabecula. Using an 
homogeneous, linear isotropic material model with an experimentally-determined, 
specimen-specific elastic modulus, they found local stress levels to be raised by the 
presence of lacunae.  
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One of the most effective tools for probing the microstructure of bone tissue is 
nanoindentation and has been applied by Zysset and colleagues to examine the role 
of bone lamellae. Zysset et al. (1999) compared osteonal and interstitial tissue in 
cortical bone with trabeculae in the human femur. They observed that the indentation 
elastic modulus depended strongly upon the tissue type, anatomical location and 
donor. Hengsberger, Kulik and Zysset (2002) found that thick and thin lamellae, 
taken from cortical and trabecular bone, showed significant differences in elastic 
modulus and attributed this to local differences in composition and microstructural 
morphology. Following this, Utku and co-workers (2008) suggested that differences 
between bone lamellae are better explained by water content and their interaction 
with collagen fibrils, rather than mineral variations.  
Bone Mineral Distribution 
Since early bone mechanics literature, the role of mineral content within the 
tissue has been considered an important factor in bone strength, with increasing 
mineral content associated with stiffer and more brittle bone tissue (Currey, 1969). 
The apparent level observations, i.e. at the level of the trabecular structure, of 
Fazzalari, et al. (1998b) showed a strong dependence of both elastic modulus and 
ultimate failure stress on bone mineral density. As measured by µCT scanning, 
Nagaraja, Lin and Guldberg (2007) found ten-year-old bovine bone trabeculae to be 
more mineralised than those of two-year-old animals. Further, tissue yielding in 
terms of microdamage occurred at lower strains in the older more mineralised tissue 
compared with younger bone. While the µCT did not provide the highest resolution 
in mineral content distribution, it did suggest further research would be useful.  
Busse and colleagues (2009) measured a change in mineralisation in healthy 
compared with osteoporotic bone tissue. Osteoporotic bone showed a greater 
heterogeneity of mineralisation across many trabecular bone packets and the cement 
lines that separate them contained more calcium (Figure 2-13). It was suggested that 
these mineral-related features may result in osteoporotic trabeculae being more 
susceptible to failure through shear loading.  
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Figure 2-13: Backscattered SEM image of the cross section of rod-like trabecula in A. healthy bone, 
showing the ideal mineralisation increasing towards the centre of the strut, and B. osteoporotic bone, 
showing increased mineralisation (from dark to light orange) over multiple remodelling packets and 
cement lines. Reprinted from Bone, 45, Busse et al., Increased calcium content and inhomogeneity of 
mineralization render bone toughness in osteoporosis: Mineralization, morphology and biomechanics 
of human single trabeculae, pp.1034-1043, Copyright (2009), with permission from Elsevier. 
While testing the hypothesis that the calcium content and mechanical 
properties of remodelling packets towards the centre of struts would be higher than 
those towards the edges, Smith, Shirer and Fazzalari (2010) found it to be satisfied 
for calcium content, indentation elastic modulus and contact hardness. However, the 
plastic deformation resistance term, designed to better characterise plastic behaviour 
(Oyen, 2006) was not statistically different.  
The bone mineral content distribution is dictated by remodelling processes. In 
the case of trabecular bone, it is grouped in remodelling packets. Smith, Schirer and 
Fazzalari (2010) investigated the role of mineral content, discretised by remodelling 
packets, on local mechanical properties. They suggested that plastic deformation may 
be governed not only by the mineral content of local bone tissue, but also by the 
surrounding organic matrix and interactions between the two. It is becoming 
increasingly evident that the local response of bone tissue to loading is governed by a 
complex interaction of bone mineral with its surrounding collagen-rich matrix.  
Tai, Qi and Ortiz (2006) took an alternative approach to investigating the role 
of mineral in bone tissue. Using bovine cortical bone, they chemically demineralised 
bone samples and performed nanoindentation to examine deformation mechanisms 
on the nanoscale. AFM images of partially demineralised bone tissue after loading 
showed that lower peak loads (~300 µN) resulted in permanent deformation of 
collagen fibrils and kinking. Higher loads (~700 µN) caused mechanical denaturation 
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of collagen fibrils, changes to interfibril interfaces and the formation of microcracks. 
Bala et al. (2011) agree that plastic deformation of bone tissue, as observed in 
cortical bone, is governed more so by the properties and state of collagen within the 
bone matrix, as opposed to bone mineral content.  
2.3.4 Nanoindentation Testing Approach 
Fischer-Cripps (2011) states that the primary purpose of quasi-static 
nanoindentation testing is to elicit an elastic modulus and a hardness value for the 
test material. To achieve this, nanoindentation was developed from earlier hardness 
characterisation techniques, such as the Vickers hardness test. A key feature of 
nanoindentation is the ability to determine a hardness value without the need to 
visualise and measure the residual indentation, upon which traditional hardness 
measurement methods depended. This led to the development of instrumented 
„depth-sensing‟ indentation, whereby the depth of the indenter penetrating into the 
specimen is continuously and very accurately measured. This measurement is then 
used to determine an area function and consequently a hardness value.  
Hardness  
Hardness is described as the resistance of a material to permanent deformation. 
It depends on the yield stress of the material and a constraint factor, which is specific 
to the material, the indenter used and experimental conditions (Fischer-Cripps, 
2011). The general mathematical relationship used to describe hardness is the mean 
pressure at peak load (Meyer‟s hardness) given by:   
  
    
 
 
Equation 2-1: Hardness 
Where A is the projected area at peak load, Pmax. 
The projected area of the indenter is calculated using the indenter‟s area 
function, given in terms of the contact depth of penetration,   , shown in Figure 
2-14. 
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Figure 2-14: Schematic diagram of typical indenter geometries: (A) spherical, (B) conical, (C) Vickers 
and (D) Berkovich indenter showing projected area, A, contact depth, hc, and face angle, θ. Reprinted 
with kind permission from Springer, 2011, p.23, Nanoindentation Testing,  2011, A.C. Fischer-Cripps, 
Fig. 2.2, © Springer Science+Business Media, LLC 2011. 
Following Oliver and Pharr (1992), the contact depth can be calculated using  
Equation 2-2, where ε is a geometric constant, specific to each indenter type, and S is 
the stiffness of the initial measured unloading curve:         . The second term 
in the equation represents the vertical deflection of the surface at the perimeter of 
contact.  
         
    
 
 
Equation 2-2: Contact depth 
Oliver and Pharr (1992) identified        as the appropriate geometric 
constant for the Berkovich indenter, the type used in this study and described in 
further detail in Chapter 3. 
For an ideal Berkovich indenter, the area function is defined as: 
       
       
Equation 2-3: Area function for an ideal Berkovich indenter 
Given an indenter face angle of         , 
          
        
  
Equation 2-4: Projected area of the Berkovich indenter with θ = 65.27° 
Hence, for the Berkovich indenter, substituting into the original hardness equation 
gives: 
  
    
       
 
Equation 2-5: Hardness equation for the Berkovich indenter 
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Indentation Elastic Modulus 
The elastic modulus calculated from nanoindentation is in a reduced form, Er, 
to account for the role of non-rigid indenters, as follows: 
 
  
 
     
  
  
 
     
  
  
 
Equation 2-6: Reduced elastic modulus accounted for non-rigid indenter 
Where the subscript i denotes the indenter, s the sample; ν is Poisson‟s ratio. 
The indentation elastic modulus is determined using the upper portion of the 
load-displacement curve generated during the unloading stage of an experiment (see 
Figure 2-15).  
 
Figure 2-15: Typical load-displacement curve for a nanoindentation test. Pmax: peak indentation load, 
hmax: indenter displacement at peak load, hf: final depth of residual indent after unloading, S: initial 
unloading stiffness. Reprinted from Journal of Materials Research, 7(6), Oliver & Pharr, An improved 
technique for determining hardness and elastic modulus using load and displacement sensing 
indentation experiments, pp.1564-1583, Copyright 1992 Cambridge University Press. 
The experimentally determined slope of the unloading curve,      , is related 
to the reduced elastic modulus by the following relationship: 
  
  
  
 
 
  
     
Equation 2-7: Slope of the unloading curve 
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Rearranging to solve for the indentation elastic modulus gives: 
   
 
 
  
  
  
  
 
Equation 2-8: Reduced elastic modulus 
While earlier methods assumed a linear fit for the upper portion (80–95%) of 
the unloading curve, Oliver and Pharr (1992) introduced a power law fit to be a more 
appropriate method: 
         
 
 
Equation 2-9: Oliver & Pharr‟s Power Law for nanoindentation load 
The        term considers the deformation surrounding the indent perimeter 
that causes the contact depth to differ from the maximum measured depth. The 
constants A, m and hf are found by a least squares fitting approach. The power law 
more accurately describes the unloading curve and appears less sensitive to creep 
(Oliver & Pharr, 1992). 
In addition to elasticity and hardness properties, nanoindentation testing can be 
used to inform regarding other material characteristics including strain-hardening, 
creep, stress relaxation, cracking and phase transformations (Bhushan & Li, 2003; 
Fischer-Cripps, 2011, p. 15). The strain-hardening and time-dependent response of 
the bone tissue was considered and is discussed in Chapter 4.  
While nanoindentation is a particularly powerful tool to assess the local elastic 
properties of bone tissue, it is not as straightforward to determine specific yield 
conditions and post-yield behaviour. Hardness, while commonly reported in 
nanoindentation studies of bone tissue, is a complex quantity involving both elastic 
and plastic deformation. Oyen (2006) decomposes elastic and plastic deformation 
during nanoindentation based on a series deformation model. Oyen recommended the 
use of a plastic deformation resistance value, H: 
    
 
            
          
   
 
Equation 2-10: Contact hardness, Hc, in terms of a resistance to plastic deformation, H. (Oyen, 2006) 
Where   and   are non-dimensional geometrical constants based on the type 
of indenter used, and    is the plane strain modulus            , where E is the 
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elastic modulus and ν is Poisson‟s ratio. For the Berkovich indenter         and 
      . 
Pile-up and sink-in are two nanoindentation phenomena that can occur around 
the perimeter of contact during a test (Figure 2-16). Their formation results in 
changes to the true depth of contact and thus can have a detrimental effect on the 
area function. These two phenomena are generally considered an undesirable part of 
standard nanoindentation testing.  
 
Figure 2-16: Schematic diagram of pile-up and sink-in along the indenter perimeter of contact. 
Reprinted from Materials Characterization, 61, Zhu et al., Measurement of residual stress in quenched 
1045 steel by the nanoindentation method, pp.1359-1362, Copyright (2010), with permission from 
Elsevier.  
The size of the pile-up or sink-in (hp and hs in Figure 2-16 above) depends on 
the relationship between the elastic modulus and yield strength of the material, and 
the strain-hardening exponent. Fischer-Cripps (2011) states that pile-up is expected 
in stiff materials with higher yield strengths and non-strain hardening properties. 
Sink-in is expected with the converse of this and is noted in some glasses and 
ceramics. Accordingly, the characterisation of pile-up can actually provide useful 
information regarding the plastic strain-hardening of a material, and on the friction 
between the indenter and test specimen. 
2.3.5 Nanoindentation Testing Conditions 
It has been well established by previous authors that sample preparation and 
testing conditions for testing at the microscale can considerably influence results. 
With respect to nanoindentation, these factors include the tissue hydration state, 
embedding material and load function parameters.  
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Sample Preparation 
Embedding is a necessary step for nanoindentation testing of trabecular bone. 
While it may be possible to perform indentation on „fresh‟ (non-embedded) cortical 
bone samples due to their relative stiffness and structural homogeneity on the macro-
scale, the highly macro-porous nature of trabecular bone requires a supportive 
surrounding material to achieve an adequately polished surface and a stable 
environment during the loading of trabeculae (Mittra, Akella & Qin, 2006). The 
choice of embedding media was reported to influence hardness but not elastic 
modulus measurements by Mittra and colleagues (2006). Embedding methods that 
fill tissue voids within trabeculae, such as lacunae, may be advantageous in isolating 
the mechanical properties of tissue, without the potential confusion of the material 
deforming into empty lacunar spaces during loading (Smith, Schirer & Fazzalari, 
2010). 
It is inevitable that the true properties of trabecular bone tissue will be 
somewhat obscured by the procedures undertaken in preparation for nanoindentation 
and related tissue-level experiments. Therefore, it is important to maintain consistent 
methods within a study, and where possible to match these methods to any external 
study with which the results are to be comprehensively compared. Mittra et al. 
(2006) recommended that, once prepared for nanoindentation, trabecular bone 
samples should be tested preferably within three months (an increase of 
approximately 1 GPa) and before six months, due to an observed increase of 4 GPa 
in elastic modulus. The hardness was not observed to change over the time period 
studied. While the study did not include any measurements after six months of 
storage, the upward trend in elastic modulus should be considered in studies of 
longer duration.  
Hydration State 
Zysset et al. (1998) state that their nanoindentation studies showed no 
statistical difference between indentation of embedded and rehydrated bone tissue 
with fresh bone tissue. They did however proffer a cautionary statement that the 
same effect may not transfer to trabecular bone where the role of the embedding 
medium may be stronger. The introduction of water can encourage antibacterial 
activity and lead to deterioration of the protein structures within bone tissue (Zysset 
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et al., 1999). Hence this group tends to include gentamicin as an antibacterial agent 
when testing bone tissue under hydrated conditions.  
Hengsberger, Kulik and Zysset (2002) examined bone lamellae under dry and 
physiological conditions. They showed, consistent with the removal of water on the 
macroscale, that dried bone exhibited a higher indentation elastic modulus and 
hardness value than corresponding wet bone. However, comparative trends between 
the two quantities remained consistent. Utku et al. (2008) suggest that water plays a 
more important role in bone tissue than mineral content, when trying to explain 
differences between lamellae.  
Wolfram, Wilke and Zysset (2010) found that rehydrated samples of vertebral 
trabecular bone exhibited a greater distinction in the reduced elastic moduli between 
orthogonal indentation directions (i.e. axial and transverse directions of a single 
trabecula) than in dehydrated samples. They also observed that the elastic work 
involved in the nanoindentation did not differ between wet and dry bone tissue. The 
lower force involved in the lower elastic modulus measurement was compensated by 
less plastic deformation to give a constant ratio of elastic to plastic energy.  
Ionising Radiation 
Experimental design using µCT and synchrotron radiation CT provides 
valuable information regarding the 3D geometry of trabecular bone, and at high 
resolution, the microstructural features of the tissue and microdamage morphology. 
While they are considered non-invasive techniques, the ionising radiation associated 
with these imaging modalities can have a deleterious effect on the mechanical 
properties of bone tissue. The deterioration of mechanical properties due to gamma 
sterilisation has been well documented (Currey et al., 1997; Akkus & Belaney, 2005; 
Nguyen, Morgan & Forwood, 2007; Dux et al, 2010; Mardas et al., 2012). Similarly 
the ionising radiation associated with synchrotron radiation studies for imaging and 
elemental analysis has been shown to degrade bone tissue (Barth et al., 2010, 2011). 
While little variation has been measured in terms of Young‟s modulus, the post-yield 
behaviour of the tissue is most significantly altered. This includes the tissue‟s work 
to failure and the formation of microdamage. In their review on the topic, Nguyen, 
Morgan and Forwood (2007) described the degradation of the collagen component of 
the organic matrix as the mechanism of these radiation-related changes. High doses 
of radiation used for sterilisation and in synchrotron radiation CT have been 
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investigated, but the effects of standard desktop µCT on the mechanical properties of 
bone tissue remains unclear.  
2.4 CONSTITUTIVE MODELLING OF TRABECULAR BONE TISSUE 
Constitutive modelling provides a mathematical a description of the behaviour 
of a material. It forms the relationship between the stresses and strains a material 
experiences, as described in Equation 2-11.  
 
  
 
  
 
   
   
   
    
    
     
  
 
  
 
 
 
 
 
 
 
 
                  
                  
                  
                  
                  
                   
 
 
 
 
 
 
  
 
  
 
   
   
   
    
    
     
  
 
  
 
 
              
Equation 2-11: Constitutive equation relating incremental stress and strain. 
Where      and      are the incremental stress and strain matrices, 
respectively, containing the normal stresses, σ, the shear stresses,  , the normal 
strains,  , and the shear strains,  , in the x, y and z directions, and     is the 
constitutive matrix.  
The constitutive framework to model plasticity requires three elements: 
1. Yield function 
2. Hardening rule 
3. Plastic flow rule 
2.4.1 Yield Functions 
The most well-known yield function would be the von Mises yield criterion. 
Plotted in the principal stress space (where, σ1 > σ2 > σ3), the von Mises yield surface 
forms a cylinder around the hydrostatic axis (σ1 = σ2 = σ3), as depicted in Figure 
2-17. 
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Figure 2-17: The von Mises yield surface in A. 3D principal stress space, and B. a cross-section in the 
π-plane, looking down the hydrostatic axis. The von Mises yield criterion is shown circumscribing the 
hexagonal Tresca yield criterion.  
Classical metal plasticity theory includes the Tresca and von Mises yield 
criteria (Chen & Mizuno, 1990). The Tresca criterion was the earliest proposed metal 
yield function based on maximum shear stresses. Mathematically, due to 
discontinuities at its corners, the Tresca criterion can be difficult to implement. 
Consequently, the von Mises criterion was developed using the principle of 
distortional energy, related to the second invariant of the deviatoric stress tensor, and 
resulting in a smooth yield surface (Figure 2-17). Thus, the von Mises yield criterion 
is also known as the maximum shear energy criterion. Both the Tresca and von 
Mises yield surfaces are insensitive to hydrostatic pressure and therefore do not 
allow for plastic volumetric strain. While this may be suitable in problems of metal 
plasticity, it is a severe limitation when modelling the plastic behaviour of rocks and 
soils.  
The incorporation of pressure-dependent yielding was proposed by Drucker 
and Prager in 1952, by adapting the von Mises yield surface into a conical form 
(Figure 2-18). Hence, this criterion is sometimes referred to as the extended von 
Mises yield function. In addition to the second invariant of the deviatoric stress tensor 
(von Mises yield), the Drucker-Prager yield criterion incorporates the first invariant 
of the stress tensor (hydrostatic stress) and two material constants: cohesion and 
friction angle.  
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Figure 2-18: Drucker-Prager yield surface in 3D principal stress space. 
The conical shape of the Drucker-Prager yield surface implicitly creates 
asymmetrical tensile/compressive yield stresses and strains. However, like the von 
Mises yield surface, the Drucker-Prager yield criterion is also unable to predict 
plastic volumetric strain, such as the compaction of a soil (Chen & Mizuno, 1990, 
p.145). One solution to this is the addition of a convex end cap (cap plasticity) at the 
base of the cone (Chen & Mizuno, 1990, p. 145).  
An alternative similar yield criterion involving pressure-dependent yield is the 
Mohr-Coulomb yield criterion, which takes the form of a cone with a hexagonal 
cross-section. This criterion is to the Tresca yield surface what Drucker-Prager 
criterion is to the von Mises yield surface. Failure is governed by the shear stress and 
normal stress to which an element of the material is subjected. Like the Drucker-
Prager model, it includes two material parameters in the form of a cohesion and 
angle of internal friction. The similarity between the two pressure-dependent yield 
functions leads to a reasonably straightforward transformation of parameters between 
the two.  
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2.4.2 Hardening and Flow Rules 
The yield criteria described so far can be implemented with perfect plasticity, 
where the yield surface is fixed. They can also be extended to capture more realistic 
material behaviours by including work hardening. Hardening rules are used to 
describe changes in the size, shape and location of a yield surface (Chen & Mizuno, 
1990, p.175). There are three main types: isotropic, kinematic and a combination of 
the two. Isotropic hardening involves a uniform change in the size of a yield surface 
without distortion to its shape as plastic flow occurs (Figure 2-19A). Alternatively, 
kinematic hardening maintains a constant size and shape of the yield surface, but 
translates it within the stress space (Figure 2-19B). In reality, many materials exhibit 
a mixed hardening behaviour.  
 
Figure 2-19: 2D representations of A. isotropic and B. kinematic strain hardening.  
 
A flow rule describes the relationship between the current state of stress and 
the next increment of plastic strain for a yielded element of the material subjected to 
further loading (Chen & Mizuno, 1990, p.128). This rule depends on the state of 
stress and the loading history. If the flow rule proceeds in a direction normal to the 
yield surface, it is known as associated flow, otherwise it is non-associated flow. 
Generally in soil and rock mechanics, it is non-associated flow that best captures the 
plastic response to loading.  
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2.4.3 Application to Bone Tissue 
There is great potential for tissue-level testing, especially nanoindentation, to 
gain insight into the constitutive relationships between stress and strain in bone 
tissue, particularly in extending current knowledge of the post-yield component of 
the material‟s response. In keeping with the theme of this thesis, this section reviews 
constitutive modelling that specifically concentrates on yielding and post-yield 
behaviour of bone tissue, that is, those models most relevant to the study of 
conditions leading to microdamage and microfracture. In keeping with the scope of 
the thesis (Section 1.2), this review of the literature does not address fracture 
mechanics or fatigue crack growth, but focuses on the path from yielding to failure. 
Damage models, which predict a decrease in Young‟s modulus with loading history, 
are excluded from this discussion.  
Time-dependent behaviour has been excluded from the modelling component 
of this thesis to maintain a manageable scope; however a review of the theory of 
plasticity applied to bone tissue, particularly where the use of nanoindentation is 
involved, would be remiss not to mention the application of deformation partitioning 
and poroelasticity theory. Oyen and Cook (2009) present a helpful tutorial and 
practical guide to nanoindentation of biological materials. It extends the view of 
analysing nanoindentation data beyond the typical elastic modulus and hardness 
measures, and outlines typical nanoindentation responses, including the distinction 
between elastic-plastic and viscous-elastic-plastic behaviours. The theory presented 
in this paper would be advantageous when extending a well-developed elastic-plastic 
model for bone into the viscous regime, to also capture the time-dependent response. 
Poroelasticity theory concerns the „interaction of fluid and solid phases of a fluid-
saturated porous medium‟ (Cowin, 1999). This is particularly relevant for bone tissue 
at the microscale with its water content and porous lacuno-canalicular network (see 
section on Microstructure, p.14). Oyen (2008) applied this theory to examine the 
creep behaviour of hydrated bone tissue during a nanoindentation study using a 
spherical indenter. The effective pore size predicted by the model was found to 
compare well with bone tissue anatomical features, as well as the diffusion 
coefficient for water in bone.  
Huiskes (2000) predicted in his review (If bone is the answer, then what is the 
question?) that computer methods will help to unlock mysteries of the bone 
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remodelling process. The implementation of a constitutive model to capture the 
mechanical behaviour of bone tissue is typically achieved using the Finite Element 
(FE) method. Well established in the field of bone mechanics, FE analysis has been 
used to model all levels of the bone structural hierarchy.  
In an early application of FE analysis combined with mechanical testing, 
Niebur and colleagues (Niebur et al., 2000) used a constitutive model which 
incorporated tissue-level asymmetry between tensile and compressive yield points in 
trabecular bone. While their goal was aimed at the apparent level response of 
trabecular bone, this recognised asymmetry in yielding behaviour has improved 
tissue-level models.  
Several groups have combined microdamage assessment of ex vivo 
mechanically loaded bone specimens with FE analysis in an attempt to relate stress 
and strain levels with microdamage (see Sections 2.2.4 and 2.3). During such a study 
Reilly and Currey (1999) commented that crack development in equine bone 
appeared to be strain-driven rather than stress-driven. However, the historical 
development, convention, and ease of application make it difficult to steer away from 
stress-based failure criteria in general (Chistensen, 2013). Yeni et al. (2003) 
predicted that although a relationship was observed between von Mises stress and 
larger microcracking, stress measures other than von Mises stress may be able to 
predict diffuse damage formation in trabecular bone tissue. This emphasizes the 
inability of deviatoric stresses alone to fulfil the ideal yield criterion for trabecular 
bone tissue.  
Focussing now on plasticity models, treating bone tissue as a continuum and 
calibrating to tissue-level testing, three yield criteria have been applied to bone 
tissue: von Mises (Fan et al., 2004; Tai et al., 2005; Adam & Swain, 2009; Mullins et 
al., 2009), Mohr-Coulomb (Tai et al., 2006), and Drucker-Prager (Mercer et al., 
2006; Adam & Swain, 2009; Mullins et al., 2009; Carnelli et al., 2011). 
Application of the von Mises yield criterion has been shown to be ineffective at 
predicting bone tissue yielding, both in terms of measured damage through apparent 
level loading and in nanoindentation simulations. The model requires the input of a 
high yield stress, ~300 MPa, compared with experimental observations of ~180 MPa 
in compression to match a measured nanoindentation load-displacement curve 
(Mullins et al. 2009). Furthermore Fan, Rho and Swadener (2004) described the first 
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investigation into pile-up of bone tissue: none was distinguishable compared with 
specimen surface roughness. This finding was also noted by Tai et al. (2006) and 
Mullins et al. (2009). The von Mises yield criterion alone is not able to capture this 
pile-up observation. Considerable strain hardening was included by Fan et al. (2004) 
to reduce the pile-up to match experimental observation. The frictional coefficient 
between the indenter tip and bone surface is often assumed to be zero in FE analyses 
(Fan et al., 2004; Tai et al., 2005, 2006; Mullins et al. 2009). However, Adam and 
Swain (2011) showed that the inclusion of friction influences the prediction of pile-
up and should be considered in the development of post-yield constitutive parameters 
based on nanoindentation experiments.  
Another important shortcoming of the von Mises yield criterion is it inability to 
account for pressure-dependent yielding. Consequently, Tai and colleagues (2006) 
investigated the Mohr-Coulomb yield criterion to replicate this property. The model 
proved to be better at predicting appropriate pile-up. Their observations lead the 
authors to the conclusion that nanogranular frictional mechanisms are responsible for 
the tissue yield asymmetry. Once again the importance of the organic matrix in post-
yield behaviour, and in this case governing the cohesion parameter of the Mohr-
Coulomb material model, was identified.  
Due to the sharp corners of the Mohr-Coulomb yield surface, it is not 
surprising that the more computationally friendly but similar Drucker-Prager yield 
criterion has emerged as a solution for the constitutive modelling of plasticity in bone 
tissue. Mullins and co-workers (2009) found that a linear Drucker-Prager model, 
with no dilation, provided a more accurate prediction of nanoindentation in ovine 
cortical bone tissue. In particular it predicted less pile-up with reasonable model 
coefficients to match the load-displacement response. Comparing the application of 
the linear Drucker-Prager yield criterion to apparent level trabecular bone by Mercer 
et al. (2006) with their tissue model, Mullins and co-workers suggested that there 
may be a size-dependency on the cohesion model parameter.  
None of these models have been calibrated specifically for trabecular bone 
tissue, the mechanical properties of which have been shown to differ from cortical 
bone tissue. Mercer et al. (2006) extended their application of a linear Drucker-
Prager yield criterion to trabecular bone, but the calibration was based on 
experimental results of bovine femoral cortical bone. All of the studies discussed, 
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with the exception of Fan, Rho and Swadener (2004) use animal bone as a human 
bone analogue.  
2.5 SUMMARY AND IMPLICATIONS 
Trabecular bone is a highly complex material consisting of several hierarchical 
layers. At the tissue level, it is distinct from neighbouring cortical bone tissue, in its 
remodelling patterns, stress and strain distribution, mineralisation, damage formation 
and its role in disease. While cortical bone studies, which are much more common in 
the literature, can provide direction for the exploration of trabecular bone tissue 
properties, trabeculae are in need of study in their own right.  
All bone tissue is in a constant state of change, with bone cells renewing bone 
material and repairing damaged tissue. Biological activity is guided by mechanical 
stimulus: local stress and strain within the tissue and the resulting microdamage 
formation. Conversely, the output of biological activity such as the bone mineral 
density distribution, remodelling packets and osteocyte lacunae, influence the 
mechanical behaviour of bone tissue. Understanding the mechanical behaviour of 
bone tissue is thus valuable in understanding the mechanical consequences of bone 
disorders, such as osteoporosis. It may shed light on the mechanical environment that 
is favourable for fracture from the microscale upwards through the hierarchy.  
Experimental studies on trabecular bone show that its mechanical behaviour 
cannot be explained by one factor alone, although bone mass plays the most 
substantial role, but rather the complex interplay of bone architecture, microstructure, 
mineral distribution and organic matrix composition. This is also now recognised in 
the clinical assessment of bone disorders such as osteoporosis shifting towards a 
diagnosis considering bone quality, where the assessment of bone mass alone cannot 
explain fracture risk.   
Constitutive material modelling combined with experimental studies is a useful 
tool to enlighten the scientific community on the mechanical behaviour of bone 
tissue. However, current efforts do not accurately capture post-yield behaviour of 
trabecular bone material. What takes the bone tissue from „safe‟ elastic deformation 
to microdamage and microfracture, the physical manifestations of loading beyond its 
yield conditions? Homogeneous, isotropic, linear material models that do not account 
for local tissue yielding cannot adequately predict the formation of microdamage 
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within trabecular bone. Although the favoured approach in modelling so many 
materials, the von Mises yield criterion fails to accurately capture the yielding 
behaviour of bone tissue. Pressure-dependent models such as the Drucker-Prager 
yield criterion show greater promise, but have not been explored in sufficient detail. 
Therefore further mechanical characterisation of yielding behaviour within 
trabeculae, combined with improved constitutive material modelling to capture 
yielding and post-yield behaviour would be an important contribution to the field of 
trabecular bone biomechanics. 
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Chapter 3: Development of Experimental 
Methods 
The purpose of this chapter is to present the development of the experimental 
techniques used for the mechanical evaluation of trabecular bone tissue. The 
experimental design is presented in Section 3.1, reflecting on the thesis objectives. 
Section 3.2 describes the test samples, required preparation techniques and their 
effects on testing results. Considerations of nanoindentation testing, including the 
testing concept, load function, specifications of the equipment used and factors that 
influence mechanical measurements are discussed (Section 3.3). Sections 3.4 to 3.6 
describe the imaging and measurement methods adopted to characterise the sample 
in terms of deformation, bone mineral content and trabecular orientation: namely, 
Atomic Force Microscopy (AFM), quantitative Backscattered Electron Imaging 
(qBEI) and micro-Computed Tomography (µCT). Following this, the overall 
procedure and timeline for the work is presented in section 3.7. Finally, the chapter 
addresses the ethical considerations for this work (Section 3.8).  
3.1 EXPERIMENTAL DESIGN 
As discussed in the introduction, the experimental objectives of this thesis were 
to develop experimental approaches to assess the mechanical properties of the 
trabecular bone tissue matrix, with a focus on the post-yield behaviour, and to apply 
these approaches to measure the response of both bovine and human trabecular bone 
tissue at the nanoscale.  
Nanoindentation is a material testing technique used to probe the mechanical 
properties of a carefully prepared specimen. While it was developed primarily for the 
characterisation of thin films (Bhushan & Li, 2003), more recently it has been 
increasingly used to evaluate the properties of small representative volumes of a bulk 
material, and in particular, to examine aspects of the material response at the 
nanoscale that contribute to its macroscopic mechanical behaviour. In the case of 
trabecular bone, nanoindentation can be used to focus on local tissue properties, such 
as regions of varying mineral content and trabecular packets. Nanoindentation testing 
generates some elastic and considerable plastic response within a test specimen. 
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Nanoindentation of bone tissue will load it beyond yield, quantifying the loads 
involved and, in the case of high load nanoindentation, creating a residual indent that 
can be measured. This can subsequently be used as a basis for FE modelling. Hence, 
nanoindentation was an ideal choice to pursue the aims of this thesis: to investigate 
the post-yield response of trabecular bone tissue.  
Consequently, the first task in the experimental work involved the development 
of a nanoindentation protocol for trabecular bone tissue. Given the potentially 
substantial effects of the methods used for specimen preparation on the 
nanoindentation results, it was necessary to investigate the influence of these 
techniques on testing results. Using the literature as a guide, specimen preparation 
methods, particularly in the area of embedding, were examined to establish the 
methods described in Section 3.2.  
High load nanoindentation extends the standard testing technique to include 
indentation loads in the range of 10 to 250 mN. Using higher loads during 
nanoindentation generates larger residual indents. Observations of the deformation 
associated with these indents provide new insight into the plastic response of 
trabecular bone tissue at high strains and create valuable input data for the 
development of an FE model of bone tissue. Preliminary testing at high load 
suggested the formation of pile-up surrounding the indenter-bone contact perimeter 
(see Appendix A). Therefore, careful considerations were made to image the residual 
indent shape generated by high load nanoindentation. 
The characterisation of pile-up requires measurement of the topography of the 
residual indent surface or an alternative 3D measurement of the indent. With pile-up 
height being in the sub-micrometre range, high resolution measurement techniques 
are required. As a result, AFM is typically used to characterise pile-up. Requiring no 
further specimen preparation than that already necessary for nanoindentation, AFM 
was the ideal measurement technique and was used in the experimental approach.  
The Literature Review revealed that important factors that influence the 
response of bone tissue include its mineral content and distribution, the orientation of 
trabeculae with respect to the macroscopic loading direction, and the use of ionising 
radiation in experimental techniques. As a result, techniques to investigate these 
features were established.  
 Chapter 3: Development of Experimental Methods 73 
The gold standard in bone mineral quantification is ash measurement; however 
this is a destructive process. Dual-energy X-ray Absorptiometry (DXA) scans, while 
being the standard diagnostic tool for measuring bone mineral density (Osteoporosis 
Australia), are formed by the 2D projection of 3D information. They cannot resolve 
detail at the tissue level and therefore do not provide an accurate, localised tissue 
mineral measurement.  
Quantitative backscattered electron imaging (qBEI) is a technique used to 
measure the mineral content and distribution across a bone sample. The qBEI 
technique, which had its beginnings in the 1970s, was validated by Roschger and 
colleagues (1998) and its use has since been reported in the bone tissue 
characterisation literature (e.g. Ferguson, 2009; Hoc et al., 2006; Smith et al., 2010). 
The sample preparation is the same as for nanoindentation and AFM except for the 
addition of a carbon coating step to enhance image contrast in the scanning electron 
microscope (SEM). This makes qBEI an ideal method to investigate the role of bone 
mineral in the nanomechanical behaviour of bone tissue.  
The final experimental instrument used in this thesis was µCT. The purpose of 
using µCT in this study was to determine descriptors of trabecular morphology and 
to provide information about the position and mechanical role of each tested 
trabecula within the greater femoral head structure. While the trabecular orientation 
was carefully monitored from sample extraction out of the whole bone to indentation, 
µCT was used to evaluate this process using a subset of samples.   
It has also been shown that the use of ionising radiation, through both gamma 
radiation for sterilisation and synchrotron radiation CT for higher resolution imaging, 
can degrade the mechanical properties of bone tissue (see Literature Review, Section 
2.3.5). It is not, however, clear if the polychromatic radiation involved in desktop 
µCT scanning does the same. Thus, it was also used to investigate where 
deterioration in bone mechanical properties due to µCT scanning could be measured 
by nanoindentation.  
All techniques were first established on bovine bone samples, before moving to 
human bone tissue experiments.  
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3.2 SAMPLE PREPARATION 
Several steps are required to prepare trabecular bone samples for 
nanomechanical testing. These include:  
 Extraction of trabecular bone sample from whole bone, 
 Cleaning and fixation of tissue specimens, 
 Embedding of specimens in resin, and  
 Polishing of the specimen surface. 
3.2.1 Sample Acquisition 
The first step in the experimental procedure was to extract a trabecular bone 
sample from a whole bone. In this study, trabecular bone from the femoral head was 
used exclusively, in both the bovine and human bone studies. The hip joint is a ball 
and socket joint, filled with trabecular bone, connecting the pelvic bone of the hip 
and the proximal femur (thigh bone).  
Fresh whole bovine femora were obtained from a local abattoir (Teys Australia 
Beenleigh). The proximal third of each femur was separated with a hacksaw and 
stored at -20°C until sample preparation. Human bone samples were obtained 
through the Queensland Bone Bank and were most likely collected during hip 
replacement surgery. They were received in the form of the ball of the femoral head 
and stored at -20°C prior to sample preparation.  
The orientation of trabeculae has been identified as a potential factor 
contributing to the mechanical properties of trabecular bone tissue (see Literature 
Review, Section 2.3.2) and thus was selected as a testing variable in this study. 
Trabecular bone architecture is neither regular nor random in nature; it aligns itself 
with the primary loading directions within the bone (Wolff‟s Law). In the case of the 
proximal femur, loads are transferred to the bone through the articular cartilage 
covering the surfaces connecting the femoral head to the acetabulum of the pelvic 
bone, and through muscular attachments (Bartel et al., 2006). The resulting 
trabecular trajectories are depicted in Figure 3-1.  
The goal of sample extraction was to obtain clean rectangular prisms of 
trabecular bone, excluding any regions of abnormal bone tissue or the epiphyseal 
line, the artefact of the closure of the epiphyseal plate that facilitates growth of the 
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femur in the immature skeleton (see Figure 3-1A). Ideally, the samples should also 
align their longest dimension with the common trajectory of trabeculae. 
Consequently, the red windows shown in Figure 3-1B, represent the targeted region 
for sample acquisition. 
 
 
Figure 3-1: Trabecular trajectories in the proximal human femoral head shown in an X-ray. The red 
windows indicate approximate sample location and orientation. Reprinted from J. Theoretical 
Biology, 244, Skedros J.G. & Baucom, S.L. Mathematical analysis of trabecular „trajectories‟ in 
apparent trajectorial structures: The unfortunate historical emphasis on the human proximal femur, 
pp.15-45, Copyright (2007), with permission from Elsevier. 
 
Sample Screening 
To improve the likelihood of obtaining optimal trabecular bone specimens, 
each femoral head was carefully inspected prior to dissection. This was not an 
important precaution with the bovine bone samples, as abnormalities in the bones of 
relatively young animals from the abattoir were rare and plenty of femora were 
available. However, it was a serious consideration for the much older human femoral 
heads. In particular, many of the femoral heads would have been retrieved during hip 
replacement surgery, which increased the probability of the presence of abnormal 
underlying bone tissue due to cartilage degeneration in the joint.  
Clinical CT is a commonly used diagnostic technique for non-destructively 
imaging internal aspects of the human body. While being non-destructive in a literal 
sense, the technique involves subjecting patients to a dose of radiation and thus its 
use should be minimised. Consequently, clinical CT is not routinely used in the 
diagnosis of osteoporosis. However, the CT data does provide a clinically relevant 
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assessment of the bone mineral density of trabecular bone regions and enables 
commentary on osteoporosis.  
Clinical CT scanning was performed on the human femoral head samples 
through the Medical Imaging Facility at The Prince Charles Hospital, Chermside. All 
samples, in their original containers, were placed in a large foam box and scanned 
with a Philips Brilliance CT 64-slice scanner with an in-place resolution of 
approximate 1.2 mm pixel size and slice thickness of 1. Samples were returned to the 
freezer immediately after scanning.  
The results of the clinical CT clearly identified regions of abnormal trabecular 
bone, such as the presence of a bone cyst shown in Figure 3-2. Such observations 
were used to exclude unsuitable femoral heads from the study. 
 
 
Figure 3-2: Example of a bone cyst in femoral head as identified by clinical CT. 
 
Cutting Procedure 
Once a femoral head was selected, a careful cutting procedure was adopted to 
prepare trabecular bone samples with known orientation relative to the macroscopic 
bone structure. Firstly, excess soft tissue that would hinder cutting and prevent 
secure clamping in the vice was removed with a scalpel. Each femoral head was 
gently positioned in the cutting vice with the joint surface to the acetabular cup of the 
pelvis pointing upwards, as shown in Figure 3-3. 
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Figure 3-3: A femoral head ready for cutting (left), and positioned in vice (right). 
Two initial parallel cuts were made with a hacksaw across the shortest 
dimension of the femoral head, as shown in Figure 3-4 (left). The bone was rotated 
by approximately 90° for a second series of cuts to be made into the bone, also 
shown in Figure 3-4 (right). This resulted in two columns of trabecular bone in the 
middle, to be prepared for nanoindentation study, and off-cuts around the outside to 
be used for another study. 
 
Figure 3-4: Top view of cuts made into the femoral head bone. 
The femoral head was removed from the vice and repositioned, as shown in 
Figure 3-5, to detach samples from the block of bone. Particularly at this stage, 
cutting was performed very slowly to avoid unnecessary bending of the samples and 
to keep track of their location with respect to the whole femoral head. During all 
stages of hand-cutting the hacksaw was regularly removed from the bone to clean 
cutting debris from the blade. The cutting surfaces were irrigated regularly with cool 
water to prevent heating of the sample and clean away cutting debris. 
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Figure 3-5: Repositioning of femoral head, top view (left), and final cut to separate samples from the 
bone block (right).  
 
The resulting trabecular bone specimens are shown in Figure 3-6. The red 
dashed-line box indicates the samples prepared for nanoindentation. Note that the 
dimensions of the bone cuts were made such that the sides were not equal. The 
unique length of each side was used to help record the general orientation of each 
specimen for later stages of preparation and testing. A final cut on a diagonal, shown 
in Figure 3-6 (right), was performed to obtain a pair of neighbouring samples for 
nanoindentation, the diagonal being a signal of the sample orientation. This step was 
developed during a preliminary bovine bone study, used to examine the effects of 
and to develop sample preparation methods, and performed in all subsequent sample 
preparation.  
 
Figure 3-6: Trabecular bone specimens as cut from the femoral head. A further diagonal cut was made 
in nanoindentation samples (red dashed-line box) to help identify their macroscopic orientation 
(right). 
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The compression of the vice was tightened just enough to securely hold the 
sample during cutting and, where possible, the vice was clamped away from the 
targeted area. However, it cannot be avoided that some damage may have been 
generated in the specimen during cutting. Surface damage along a cutting plane 
would later be polished off before nanoindentation. Any cracks remaining on the 
tissue surface could be identified by the optical microscope or AFM, performed 
immediately prior to testing. Areas containing cracks were excluded from analysis.  
3.2.2 Specimen Cleaning  
After cutting, samples were cleaned of bone marrow to improve imaging and 
the embedding process. Samples were immersed in warm water, measured to be 
approximately body temperature, 37°C. Warm water considerably aided the bone 
marrow removal, however, collagen proteins are known to denature at raised 
temperatures (Wright & Humphrey, 2002). Small soft toothbrushes were used to 
manually brush away superficial marrow. Intermittently, a 10 mL syringe filled with 
the water was used to dislodge intramural marrow from the centre of each specimen.  
The removal of bone marrow, or defatting, of trabecular bone is a conventional 
step in the preparation of bone for nanoindentation. While the procedure has been 
shown to diminish the elastic response of bone under macroscopic testing (Linde & 
Sørensen, 1993), the purpose of nanoindentation testing is to concentrate on the 
mechanical response of the bone tissue, to determine its role in the higher level 
behaviour of the bone hierarchy. Additionally, the steps required to prepare a 
trabecular bone specimen for nanoindentation, particularly the dehydration and 
embedding, would be expected to outweigh any minor effect due to the removal of 
bone marrow.   
A trial of a short burst in an ultrasonic cleaner did not appear to promote bone 
marrow removal and was thus excluded from the cleaning procedure. Unless µCT 
imaging was required, samples were then ready for tissue fixation.  
3.2.3 Fixation of Bone Tissue 
Fixation refers to a technique that renders a biological material an unfavourable 
environment for bacteria to exist, as well as cross-linking soft tissues to stiffen and 
preserve their dimensionality, resulting in a stable and non-infectious material. 
Ideally, the mechanical properties of bone are best examined „fresh‟, unchanged by 
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fixation methods; however, this is not possible due to health and safety requirements. 
Biological material to be examined outside of a laboratory environment rated lower 
than Physical Containment Level 2 (PC-2) requires sample fixation (AS/NZS 
2243.3:2010). As the testing and imaging equipment used in this study were located 
in PC-1 laboratories, fixation was a necessary task. It is important to recognise that 
no fixative works perfectly and thus precautionary measures including appropriate 
personal protective equipment were put in place at all times when working with 
biological tissue. 
Biological fixation can be achieved through physical means, such as heating or 
freezing, or by chemical processes. While freezing was used for sample storage, it 
offers temporary effects and a chemical fixative was necessary for the practicalities 
of working with the material at room temperature. Chemical fixatives, while creating 
chemical stability and preventing enzyme autolysis and bacterial putrefaction, will 
cause a tissue to artificially harden (Scarano, Iezzi & Piattelli, 2003).  
The standard fixative solution for biological substances is 10% neutral buffered 
formalin (NBF). However, formalin-based fixatives can lead to the decalcification of 
hard tissues over time (Jenkins & Burg, 2003). As an alternative, decalcification does 
not occur with alcohol fixatives. Unfortunately, alcohols such as ethanol (EtOH) can 
cause protein denaturation and excessive brittleness of tissue samples (Scarano et al., 
2003). Even when 10% NBF is used, it is recommended only as an initial fixative 
with storage of specimens in 70% EtOH. Long-term preservation of hard tissue 
should be achieved by infiltrating and embedding the tissue in resin (Scarano et al., 
2003). 
Ethanol as a fixative is a relatively inexpensive option, requires less time due to 
fast tissue penetration rates, has low toxicity for its users and forms an existing part 
of the embedding process chosen for this study. Long-term immersion in ethanol has 
been shown to have some but little effect on the macroscopic behaviour of trabecular 
bone tissue (Linde & Sørensen, 1993). By the very nature of the mechanisms at work 
in all tissue fixation methods, the mechanical properties of the tissue will be 
degraded, however by using a single chemical and one used in bone mechanics due 
to its fixation mechanism causing the least mechanical change, the effects should be 
minimised as much as possible. 
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Thus, 70% EtOH solution was selected as the fixative in this study. Fixative 
volume was 15-20 times the volume of the tissue, as recommended by Jenkins and 
Burg (2003). Due to the sample cleaning and the highly macro-porous structure of 
trabecular bone, the fixative had ample access to the tissue, and as the embedding 
steps to follow included further immersion in higher concentrations of ethanol, a 
minimum of 24 hours was considered sufficient fixation duration. Samples were 
stored at 4°C in 70% EtOH until the embedding process began.  
3.2.4 Sample Embedding  
The embedding of specimens in resin is commonly performed in the 
preparation of calcified tissue for histology and in nanoindentation testing. As 
discussed in the previous section, embedding protects the specimen and enables 
long-term storage. More importantly, it supports the sample during indentation 
testing and facilitates the polishing process. It is particularly important for the spongy 
trabecular bone network which may otherwise deform into the air-filled spaces 
during indentation and would be destroyed without support during polishing.  
Selection of Embedding Media 
Several embedding resins are available for use in hard tissue histology and 
nanoindentation. The selection of the embedding media depends on the purpose for 
the embedding and the specific properties of the resin. Commonly used resins in 
nanoindentation studies of bone tissue include epoxy resin (Chang et al., 2011; Fan et 
al. 2003, 2006; Mittra et al., 2006; Wang et al., 2007), polyester resin (Tang, Ngan & 
Lu, 2007) and, most frequently, poly(methyl methacrylate) (Bala et al., 2011; 
Ferguson, 2009; Hengsberger, Kulik & Zysset, 2002; Macione et al., 2011; Norman 
et al., 2007; Smith et al.,  2010).  
Poly(methyl methacrylate) or PMMA is the polymerised form of the methyl 
methacrylate (MMA) monomer. This resin is colourless, allowing visual access to 
the sample at all times, can be cured at room temperature, and is affordable. The 
chemicals required can be purchased in separate components to mix to suit the given 
application. Additives can be used to customise the properties of the PMMA, such as 
dyes to alter its optical properties and polyethylene glycol (PEG) to act as a softener.  
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Properties derived during preliminary nanoindentation testing of the resin 
during this study (i.e. PMMA + PEG 400) indicated a reduced elastic indentation 
modulus of 3.52 ± 0.34 GPa and hardness of 157 ± 18 MPa.  
The use of hard resins has been shown to artificially increase the measured 
nanoindentation variables, in which infiltration of the resin plays a role (Ferguson, 
2009). Mittra et al. (2006) observed a change in measured hardness value, depending 
on the resin used. Thus, it is important to be consistent with selection of an 
embedding resin when comparing within a study and literature. 
The details of the chemicals used in sample embedding are given Table 3-1. 
Table 3-1: Chemicals used in PMMA embedding 
Chemical Purpose 
Methyl Methacrylate (MMA), C5H8O2 
Sigma-Aldrich (Product No. M55909)  
Monomer for the PMMA polymer, 
main constituent of embedding 
resin 
Polyethylene glycol 400 (PEG 400) 
HO(C2H4O)nH, Merck (Product No. 807485) 
Softener for resin 
Perkadox 16 from AkzoNobel 
Di(4-tert-butylcyclohexyl) peroxydicarbonate 
Catalyst for polymerisation 
 
Embedding Procedure 
Once sufficient time had passed for sample fixation, the general embedding 
procedure was performed at room temperature, as follows: 
1. Dehydration – samples placed under vacuum for at least 30 minutes per 
stage through a series of EtOH concentrations: 80%, 90%, 100%, 100% 
(fresh) 
2. Infiltration – samples immersed for at least 30 minutes in embedding 
solution without catalyst (i.e. MMA + PEG 400), under vacuum. 
3. Embedding – sample carefully positioned on a base mould and filled with 
final embedding solution, initially under vacuum (approx. 30 minutes or 
until no bubbles could be seen). Left on a level surface and monitored until 
resin had cured. 
The embedding solution comprised primarily of the MMA monomer with 3% 
PEG 400, to act as a softener, and 0.3% Perkadox, as a catalyst to initiate 
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polymerisation. The infiltration solution was the same as the embedding solution, 
without the catalyst.  
The infiltration step detailed above was performed to provide some infiltration 
into the bone spaces and to promote MMA substitution for any remaining ethanol. 
Ethanol and water are not tolerated well by PMMA. The presence of water or ethanol 
in the final embedding solution can lead to problems with polymerisation, as shown 
in Figure 3-7. There was some concern that the cloudy resin may not exhibit constant 
material properties and these samples were not included in the study. Generally, 
ethanol is removed from the specimen using a clearing agent such as xylene. Aside 
from being a particularly hazardous chemical with which to work, preliminary 
embedding protocol testing suggested xylene would further deteriorate the 
mechanical response of bone tissue.  
 
Figure 3-7: Problems occurring during polymerisation of resin include cloudiness. 
PMMA will cure at room temperature, given sufficient time to do so, but heat 
can promote polymerisation. Several samples would not readily polymerise, even 
with the catalyst. These samples were placed, fully sealed, in a water bath maintained 
at 37°C until polymerisation began. Local heat increases will have occurred due to 
the polymerisation reaction. While the small volumes of PMMA prepared in this 
study and the temperature-controlled laboratory environment acted to dissipate heat 
concentrations, local heating of bone tissue may have occurred and thus may have 
affected nanomechanical measurements of the bone tissue. 
Small coloured craft beads were embedded alongside bone samples for sample 
identification. An embedding log was recorded for each sample, the template for 
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which is included for reference as Appendix B. Once the samples were completely 
polymerised, they were ready for polishing.   
3.2.5 Polishing 
A high quality mirror-like surface finish is required for nanoindentation. The 
first step was to remove the base mould by hand using a clean hacksaw. Then the top 
and bottom surfaces of the resin block were levelled with coarse sand paper and 
checked with a spirit level. The progress of each sample‟s polishing was recorded in 
a polishing log, the template for which is attached as Appendix C. This included a 
series of hand polishing steps (Figure 3-8). 
 
 
Figure 3-8: Early stage hand-polishing of sample surface using silicon carbide paper. 
Firstly, a series of silicon carbide papers were used followed by lapping films 
of decreasing grit size, culminating in a silica colloidal OP-U suspension, as follows: 
 Silicon carbide paper, 600-grit, 800-grit, 1000-grit 
 Silicon carbide paper, 1200-grit, OR lapping film, 15 µm 
 Lapping film, 9 µm, 6 µm, 3 µm, 1 µm (Allied High Tech Products Inc.) 
 OP-U Suspension, colloidal silica, 0.04 µm (Streuers Australia), with a 
polishing cloth (LECO Corporation)  
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Each stage of polishing was performed until a uniform surface could be seen 
by the naked eye or with the aid of a stereomicroscope (Leica Microsystems, M-
Series Stereomicroscope).  
Distilled water was used as a lubricant throughout all stages of polishing. A 
polishing technique that eliminates the use of water is promoted by Roschger and 
colleagues (1995, 1998) as water has been shown to cause ultracracks within the 
tissue. This may alter the quantification of mineral content by backscattered electron 
imaging (see Section 3.5), by deflecting the backscattered electrons. However, using 
water as a polishing lubricant remains an acceptable technique across the literature 
and has been used in this study.   
3.3 NANOINDENTATION OF BONE 
Nanoindentation was selected as the mechanical testing technique and also as 
the basis for the computational modelling performed in this thesis. As such, a 
detailed examination of the technique is an important inclusion in this chapter. The 
nanoindentation testing concept was introduced in the previous chapter (Section 
2.3.4). Here important considerations for the experiments are discussed including: 
the consequences of the measurement technique and effects of imperfections in the 
testing equipment, its interaction with the test specimen, specimen preparation and 
assumptions in analytical solutions. 
3.3.1 Testing Equipment 
The typical nanoindentation testing configuration is shown in Figure 3-9 and 
consists of a hard indenter, connected to a load transducer and operating mechanism 
in a stable and secure frame, typically inside a testing chamber. The indenter is 
driven into the sample, which is securely mounted beneath the indenter. The system 
is operated remotely through testing software.  
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Figure 3-9: Typical testing set-up for high load nanoindentation using the TI-900 TriboIndenter. 
 
Nanoindentation can also be performed using the cantilevered tip of an AFM; 
however it has some distinct disadvantages. Further information on the mechanisms 
of AFM is presented later in this chapter (Section 3.4). However, its main 
disadvantage with regard to actually performing the indentation (as opposed to 
measuring the indent profile) is its force limitation. Due to transfer of load from the 
tip through a small cantilever, designed to deflect with minute changes in height 
across a surface rather than the transfer of load directly into the load head, it is 
unable to perform nanoindentation at the forces required in this study.   
All nanoindentation testing was performed using a TI-900 TriboIndenter 
(Hysitron Inc., Minneapolis, MN) at The University of Queensland Nanomechanics 
Laboratory. The testing platform is shown in Figure 3-10.  
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Figure 3-10: TI-900 TriboIndenter (Hysitron Inc., Minneapolis, MN) at the UQ Nanomechanics 
Laboratory.  
Indentations were made using both standard load and high load transducers 
(Figure 3-11). Adjacent to the load transducer is an optical microscope with a 20× 
objective lens. This was used to locate appropriate testing regions within the sample 
and to specify the boundaries for indentation.  
 
 
Figure 3-11: TriboIndenter load heads for standard load (left) and high load (right) nanoindentation.  
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The corresponding transducer specifications are given in Table 3-2. The 
standard load transducer can achieve a maximum normal force of approximately 
30 mN, while the high load transducer extends this to 2 N.  
Table 3-2: Specifications for load transducers.  
Transducer 
Load Displacement 
Maximum Resolution Maximum Resolution 
Standard load  (1D) 30 mN <1 nN 4 µm 0.04 nm 
High load 2 N 
0.000014%  
full scale load 
85 µm 0.01 nm 
 
Indenters 
Indenters are designed to be much stiffer than the test material, to undergo no 
plastic deformation, to have a smooth contact surface with low friction and a well-
defined geometry (Bhushan & Li, 2003). As a result, indenters are often made of 
diamond, as was the case in this study. Some of the indenters commonly used in 
nanoindentation are shown in Figure 3-12.  
 
Figure 3-12: Common indenter geometries: A. spherical, B. conical, C. Vickers, and  
D. Berkovich. Reprinted with kind permission from Springer, 2011, p.23, Nanoindentation Testing, 
2011, A.C. Fischer-Cripps, Fig. 2.2, © Springer Science+Business Media, LLC 2011. 
The three-sided pyramidal Berkovich indenter (Figure 3-13) was developed to 
have same ratio of projected area to indentation depth as the Vickers indenter. The 
Berkovich type, however, is easier to manufacture to a smaller tip radius. No 
physical indenter can come to an exact point at the tip; rather it has a radius of 
curvature that makes initial contact with the sample (Figure 3-13). Although the 
analysis of the Berkovich indenter is complicated by its non-symmetrical form, the 
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determination of elastic modulus and hardness values using this indenter has been 
well-characterised, most notably by Oliver and Pharr (1992).  
 
Figure 3-13: Berkovich indenter showing the total included angle, β, and indenter half angle, θ.  
The sharp corners of the Berkovich indenter can generate cracks in the test 
specimen for the study of fracture behaviour. In addition to this, Berkovich indenters 
are commonly used in nanoindentation studies of bone (e.g. Rho & Pharr, 1999; 
Norman et al., 2007; Ferguson, 2009; Bala et al., 2011; Macione et al., 2011). Thus, 
a Berkovich indenter was also used in this study.  
A standard Berkovich indenter with a total included angle of 142° (edge to 
plane of opposite face, β, Figure 3-13) and a half angle of 65° (θ, Figure 3-13) was 
used for all indentations. The manufacturer specified a tip radius of 150 nm for the 
standard load indenter, while the high load indenter had a tip radius of 150–200 nm.  
3.3.2 Load Function 
The definition of a load function is the means by which the indenter is 
controlled during a test. For a force-controlled experiment, as was the case for all 
experiments in this thesis, the load function describes the relationship of applied load 
for the duration of an experiment. Alternatively, tests can be displacement controlled. 
Specifically, the loading function defines the peak load, loading rate and any periods 
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of holding at a constant load during an experiment. A typical load function from this 
bone nanoindentation study, outlining these features, is shown in Figure 3-14.  
 
Figure 3-14: A typical load function for the current bone nanoindentation study. 
 
Features of the load function can be defined for specific purposes. A holding 
period at peak load can be used to allow the material to stabilise and reduce the 
effects of any time-dependent response of the material. The holding time can also be 
used to investigate the effects of creep in bone tissue (Wu et al., 2011). A holding 
period, typically at a low force value, is often used to characterise the thermal drift of 
the nanoindentation instrument (Section 3.3.3).  
Specific loading curves were used in this study to investigate the role of peak 
load, holding time and loading rate on the response of trabecular bone tissue. For 
example, in Chapter 5 an increasing incremental load function (Figure 3-15) was 
used to examine the progressive elastic and plastic characteristics of the bone tissue 
at successively increasing loads. In each case, the loading rate was kept constant.  
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Figure 3-15: Incremental load function with a constant loading/unloading rate.  
The load functions used in this study apply recommendations from Oliver and 
Pharr (1992) to include hold periods at peak load to allow any time-dependent plastic 
effects to subside and reduce any non-elastic effects in the measurement. They also 
suggest calculating the indentation elastic modulus after several cycles to eliminate 
effects of reverse plasticity.  
3.3.3 Factors Influencing Nanoindentation Results 
When performing nanoindentation experiments, it is important to account for 
experimental factors that will influence mechanical observations. The factors can be 
classified based on their origin: testing equipment and its operation, properties of the 
indenter, properties of the specimen and the response of the material to test settings.  
A thorough discussion of these factors can be found in the textbook Nanoindentation 
by Fischer-Cripps (2011).  
Equipment and Operation 
Thermal drift due to the thermal expansion or contraction of the testing 
equipment can influence its ability to measure accurately, the effects of which can be 
significant when working at the nanoscale. The TI-900 TriboIndenter performs a 
low-force hold at the beginning of each experiment to measure this drift and corrects 
the subsequent data readout accordingly. 
The TI-900 TriboIndenter uses a specially-designed rigid granite frame to 
support the testing apparatus and create a stable testing environment. The frame 
materials were selected to promote thermal stability. The Hysitron force transducer 
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uses electrostatic actuation, further reducing the generation of heat and thermal drift 
effects. The testing apparatus is contained within an environmental enclosure to 
minimise air current and acoustic noise, and to provide a thermal buffer. 
Additionally, to reduce noise and vibration, the testing equipment features a vibration 
isolation system and is located on the ground floor of its building, in the UQ 
Nanomechanics Laboratory. 
The initial penetration depth of each test is the measurement required to 
identify contact with the specimen surface and is determined by the force resolution 
of the testing device. This means the test does not truly start when the depth is zero. 
The TriboIndenter initial thermal drift hold at minimal load helps to account for this, 
by returning to the zero force measurement before undertaking the prescribed load 
function.  
During an experiment, displacements occur throughout the testing equipment 
as well as those measured in the specimen. This is termed instrument compliance and 
includes displacements in the transducer, indenter, sample mounting and the 
connections that link the sections of the instrument. Mathematically, this can be 
described as follows: 
          
  
  
     
  
     
 
Equation 3-1: Total compliance of the instrument in terms of projected area 
Where Ctotal is the total measured compliance, Ci is the instrument compliance and 
      is the sample compliance. 
By applying the hardness relationship,          (Section 2.3.4), the equation 
becomes: 
           
    
        
 
Equation 3-2: Total compliance of the instrument in terms of hardness and peak load 
Instrument compliance was calculated by performing a series of indents in a 
fused quartz sample and graphing the inverse measured stiffness versus the inverse 
of the square root of the maximum force (Figure 3-16). The Y-axis intercept gives the 
instrument compliance. This process was performed each time a transducer or tip 
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was changed on the testing machine. For the standard load transducer, the instrument 
compliance is typically 0.6 – 0.8 nm/mN. The high load transducer is less sensitive to 
the placement of the transducer and thus is not checked each time. Its compliance is 
0.5 nm/mN.  
 
Figure 3-16: An instrument compliance curve. The Y-intercept indicates the instrument compliance 
value.  
All parts of the instrument were regularly calibrated. Further information on 
the testing equipment specifications can be found in the Hysitron TI-900 
TriboIndenter User Manual (Revision 9.1.1209). 
Indenter Properties 
The true shape and condition of the indenter tip is one of the most important 
factors in nanoindentation analysis, due to such strong dependence on the area 
function. Figure 3-17 shows the effect of non-ideal tip geometries on the actual 
contact area. The effect is reduced with increased penetration depth, such as in high 
load testing. 
 94 Chapter 3: Development of Experimental Methods 
 
Figure 3-17: Effect non-ideal tip geometries on actual contact area. Reprinted with kind permission 
from Springer, 2011, p.85, Factors Affecting Nanoindentation Test Data, 2011, A.C. Fischer-Cripps, 
Fig. 4.5, © Springer Science+Business Media, LLC 2011.  
To account for imperfect indenter geometry, a series of indents were performed 
to different indentation depths in a fused quartz sample, for which the elastic 
modulus is known. The contact area for each indent was calculated using the 
TriboIndenter software and graphed against the indentation depth to create an area 
function based on a sixth-order polynomial fit to the data (Equation 3-3). Note that 
the area function for an ideal Berkovich indenter has the first term‟s coefficient, C0, 
of 24.5 and all others set to zero.  
          
           
        
        
        
    
 
Equation 3-3: Area function for tip calibration 
Contamination of the tip can become a problem, especially when working with 
softer materials such as bone tissue. Regular cleaning of the tip using an aluminium 
sample was performed to avoid this. Each load-displacement curve was monitored 
for unusual features that would suggest such contamination, as were the AFM images 
of high load indents.  
Specimen Properties 
Specimen surface roughness will affect the true contact and friction between 
the indenter and sample. Measured surface roughness values achieved by the 
polishing process were around 200 nm (root mean squared). Standard load indents 
were performed to 2 mN, giving a maximum tip displacement of 300-600 nm. High 
load nanoindentation reached indent depths as high as 2.5 µm, reducing the possible 
influence of surface roughness effects as a proportion of the indent depth.  
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Substrate effects are another potential source of error in bone nanoindentation, 
in that the resin embedding media may affect the apparent indentation properties of 
the bone. In order to minimise potential substrate effects in the current study, test 
regions of bone tissue were carefully selected away from bone/resin boundaries on 
the polished specimen surface. The contribution of the volume of bone below the 
indenter is addressed using FEA later in this thesis (Chapter 6). 
Thermal effects (specimen heating) can also potentially occur due to plastic 
deformation within the tissue, however, given the small volume of material involved 
and the large indentation depths used, these effects were considered negligible. 
 
3.4 ATOMIC FORCE MICROSCOPY 
Although nanoindentation was developed as a material characterisation tool, 
particularly for the measurement of hardness without the need to visualise the 
residual indentation, valuable information on the mechanical constitutive response of 
the material can be derived by doing exactly that. The surface characterisation 
technique Atomic Force Microscopy (AFM) is highly effective for this purpose. 
3.4.1 AFM Instrument 
The AFM used in this study was a built-in additional component to the 
Hysitron TI-900 TriboIndenter, positioned adjacent to the nanoindenter load head as 
shown in Figure 3-18. Intermittent contact mode AFM was used in the work 
presented in this thesis. 
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Figure 3-18: AFM load head (circled) on the TI-900 TriboIndenter from Hysitron. 
The AFM component was a Q-Scope 250/400 manufactured by Ambios 
Technology Inc. (Santa Cruz, CA), with the following imaging specifications: 
Table 3-3: AFM Imaging Specifications  
Axis Range Resolution 
X 40 µm 0.7 nm 
Y 40 µm 0.7 nm 
Z 4.5 µm 0.07 nm 
 
Similar to the optical microscope, the AFM head is fully integrated with the 
TriboIndenter, meaning indentation regions can be promptly located and imaged 
during an indentation testing session. Conveniently, the sample preparation for 
nanoindentation corresponds to that required for the AFM. The indentation site was 
measured with the AFM directly prior to and after indentation.  
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3.4.2 Evaluating the AFM Output 
The AFM output data takes the form of bitmap images and raw data files. The 
image can be viewed directly using the installed software TriboView (e.g. Figure 
3-19) or exported as a text file for further analysis.  
While AFM data is usually displayed in its 2D form (top, Figure 3-19), 3D 
rendering is particularly useful for human perception. A 2D top view contour map of 
the indent enabled an areal measurement of the residual indent and pile-up. 
 
 
Figure 3-19: AFM output of high load nanoindentation on bone tissue viewed using TriboView 
software: a typical 2D AFM image (top) with a line profile along the black line (bottom).  
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According to Eaton and West (2010), line profiles are one of the most 
prevalent forms of analysis for AFM data. It is also a common approach in the 
characterisation of pile-up and sink-in phenomena in nanoindentation studies 
(Chowdhury & Laugier, 2004; Deng et al., 2004; Zhu et al., 2010). An example of a 
line profile taken from a 30 µm image of a high load indent in this study is shown in 
Figure 3-19. Line profiles are a convenient measure that facilitates comparison 
between nanoindentation experiments. They also help to account for noise that 
occurs during measurement and avoids potentially misleading results that could arise 
from single value measurements, such as maximum pixel intensity (z-height) across 
the image. Maximum z-height values may be beneficial, when averaged over a 
representative range of pixels and presented with their location. Both line profile and 
contour map measures proved valuable in the comparison and development of FE 
models later in the thesis.  
Another common reason for undertaking AFM analysis is the characterisation 
of surface roughness, which was useful in this study. AFM allowed final evaluation 
of the quality of sample polishing. It also enabled verification of the assumption that 
the indentation depth was sufficiently large compared to surface roughness. Finally, 
the calculation of surface roughness enabled a comparison between images.  
The AFM output data is relative, scaled between the minimum and maximum 
measured heights (z-values). Thus, in order to compare images they must first be 
normalised. For each AFM image, the region surrounding but exclusive of the 
indentation-impression was used to determine a sample roughness value, specifically 
the arithmetic mean of non-scaled pixel intensities. This value was used to normalise 
each image for comparison.  
For the majority of work in this thesis, the surface was mapped immediately 
prior to and again directly after nanoindentation. This allowed the initial surface to 
be subtracted from the post-indent surface to quantify changes between the two and 
thus, provide a full description of the resultant impression formed by the indenter.  
The resolution of the AFM, possibly combined with some recovery of the 
indent and stylus geometry, made it difficult to effectively visualise indents created 
using the standard load transducer (i.e. Pmax ≈ 2 mN). Therefore, the AFM study 
focussed on indentations created using high load nanoindentation.   
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Matlab was used to perform image analysis. The AFM text file was read, the 
values translated to a matrix format able to be viewed by general imaging software 
and enabling pixel-based image processing.  
3.4.3 Imaging Artefacts 
In the case of imaging nanoindentation profiles, the expected AFM output 
image is straightforward and artefacts should be readily identified, however it is 
important to be aware of imaging artefacts that can occur when using the AFM. Such 
artefacts can be caused by the imaging probe, scanning equipment, image processing 
techniques and noise during testing (Eaton & West, 2010).  
The foremost AFM imaging consideration is the role of the imaging stylus. The 
dimensions of the tip compared to the object being scanned will affect the resulting 
image. The relative size and shape of the imaging tip may produce an imaging 
artefact making objects above the indenter‟s path appear larger than they actually are 
and those beneath it smaller than their true size. The magnitude of the effect depends 
on the width of the tip. 
It is important to ensure the topographical feature to be measured does not 
extend beyond the Z-range of the device. Preliminary imaging studies indicated that 
high load indentation to a force greater than 500 mN saturated the z-direction depth 
measurement capability of the AFM.  Therefore, high load indentation experiments 
were limited to 500 mN.   
AFM, by nature of being a scanning probe imaging mode is susceptible to 
imaging artefacts due to contamination or breaking of the stylus tip. Contamination is 
of particular relevance with a relatively soft material such as bone tissue. Typical 
indicators of tip contamination, or a broken tip, are the appearance of a repeated 
pattern in the output image. All AFM images from this study were assessed for such 
artefacts.  
To assess the repeatability of the AFM on trabecular bone samples, a series of 
consecutive scans were performed on a single test area, an example of which is 
shown in Figure 3-20. The arithmetic mean of each image varied from each other by 
less than 1%. The difference showed no uniform step in the x or y directions. The 
inherent variation in the AFM measurement suggested an image filtering step may be 
valuable to reduce the effects of noise when comparing AFM images.  
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Figure 3-20: Consecutive AFM images of trabecular bone surface prior to indentation. Pixel greyscale 
value is z-height in µm. X and Y are in pixels. 
To assess imaging artefacts due to scanning direction, a series of pre-test image 
pairs were performed, with the second image scanned at 90° rotation to the initial 
image. An example of the AFM output, shown in Figure 3-21, shows little difference 
between the pair of images.  
 
Figure 3-21: A. Region of trabecular bone tissue scanned by AFM and B. rotated by 90°.  
C. Difference between the two images. Greyscale value is µm. X and Y are in pixels.   
3.5 QUANTITATIVE BACKSCATTERED ELECTRON IMAGING 
Quantitative backscattered electron imaging was used to examine the content 
and distribution of bone mineral through the tested trabecular bone regions.   
3.5.1 qBEI Procedure 
The qBEI protocol used in this thesis was developed and performed at the 
Analytical Electron Microscopy Facility (AEMF) at QUT. It is based on the paper 
Validation of Quantitative Backscattered Electron Imaging for the Measurement of 
Mineral Density Distribution in Human Bone Biopsies (Roschger et al., 1998). 
An FEI Quanta 200 SEM instrument fitted with a two-segment solid-state 
diode backscattered electron detector (KE Developments, UK) was used for all qBEI 
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in this thesis. Imaging was performed under high vacuum conditions with the settings 
given in Table 3-4.  
Table 3-4: SEM imaging settings. 
Setting Value 
Working distance 15 mm 
Probe current ~0.17 nA 
Beam energy 20 kV 
 
The qBEI procedure involved the following steps: carbon coating, 
measurement of the probe current, locating imaging targets, imaging the Al-C 
standard and imaging of bone regions of interest.  
Carbon coating 
The sample was coated with carbon by vacuum evaporation using a 
Cressington 208 turbo carbon coater. This was performed to enhance SEM image 
quality. Once coated, the samples were loaded into the specimen holder (Figure 
3-22) and into the SEM for imaging.  
 
Figure 3-22: Sample holder mounted in the SEM showing the Faraday Cup, Al-C standard and 
embedded bone samples.   
 102 Chapter 3: Development of Experimental Methods 
Probe Current Measurement 
The probe current is the flow of electrons that reach the specimen surface. The 
ability of the qBEI method to accurately quantify bone mineral density lies in the 
stability of the imaging equipment, in particular, the probe current. Like the 
nanoindenter and AFM, drift can be caused by thermal effects and electronic noise. It 
is unavoidable but can be minimised by allowing the current-producing filament 
sufficient time to warm up and stabilise. 
The probe current was measured using a picoammeter (Keithley Instruments, 
Cleveland, OH) and a Faraday cup. The Faraday cup, a miniature conductive vessel 
used to quantify the electron beam, was mounted into the specimen holder (Figure 
3-22). The picoammeter was connected to the stage and thus measured the probe 
current through the Faraday Cup.  
Preliminary monitoring of the probe current, combined with analysis of images 
of the Al-C standard suggested that the current sufficiently stabilised after two hours 
of operation. An example curve of probe current during the second hour of operation 
(Figure 3-23) implied an imaging probe current of 175.6 ± 0.5 pA.  
 
 
Figure 3-23: Example of current stability monitoring, showing the imaging time interval. 
It was observed, particularly during the first hour of operation and as the SEM 
filament aged towards the upper limit of its lifespan, that occasional jumps in probe 
current would occur. While the probe current was not easily measured by the SEM, 
the instrument‟s status bar included a reading of the emission current. This value was 
 Chapter 3: Development of Experimental Methods 103 
monitored and any changes to this reading would signify changes to the probe 
current that would require attention.  
Unfortunately, due to the SEM operating system, control of the stage was 
disrupted when connecting the picoammeter. Given the shortest imaging time would 
ensure the least variation in current, it was impractical to regularly measure the 
current during imaging. Consequently, the picoammeter was used to measure current 
behaviour prior to the two-hour mark. Thereafter, the image of the Al-C standard was 
used to infer probe current behaviour. The probe current was measured once more at 
the end of the imaging session. 
Determination of Image Co-ordinates for Regions of Interest 
Once the samples were mounted into the device and the electron beam 
activated, warm-up time for the SEM was used to record co-ordinates for all testing 
areas, the Al-C standard and the Faraday Cup. This facilitated prompt locating of 
imaging targets, therefore reducing time required for imaging and the potential for 
drift of probe current.  
Imaging Al-C Standard 
An imaging standard consisting of aluminium (Al) and carbon (C) (Figure 
3-24) was used to calibrate the BE signal. These elements were recommended by 
Roschger et al., (1998) due to their exceptional stability under the electron beam.  
 
 
Figure 3-24: Imaging standard for BE calibration containing Al (upper left) and C (bottom right). The 
red ellipses indicate representative areas for mean greyscale evaluation.  
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Once two hours had passed and the probe current appeared to be sufficiently 
stable, the Al-C standard was used to calibrate the greyscale values to 225 ± 1 and 
25 ± 1 for aluminium and carbon, respectively. These values were chosen such that 
hydroxyapatite (HA) would correspond to a saturated greyscale value, 255 (Figure 
3-25).  Acquired images were analysed in ImageJ to determine a mean value for each 
material, using elliptical areas for averaging (Figure 3-24).  
Imaging Indentation Areas 
Once the BE greyscale levels were calibrated, imaging of the previously 
recorded indentation areas was performed. Between each bone image, the Al-C 
standard was revisited to examine change in the greyscale values and effect of probe 
current changes. When the probe current was stabilised, little variation occurred in 
Al and C greyscale levels (Figure 3-25).  
 
Figure 3-25: Calibration of BE greyscale  
3.5.2 Imaging Considerations 
The current levels used in this study (approx. 175 pA) were higher than the 
110 ± 0.4 pA used by Roschger et al. (1998). A higher current helps in attaining good 
quality images, but can damage the specimen. Currents of the range used in this 
study remained lower than other bone qBEI studies (Bloebaum et al., 1997; Zebaze 
et al., 2011) and no damage was observed in bone tissue using this current.  
The imaged area was larger than that suggested by Roschger et al. (1998) to 
enable correlation to indentation sites. The non-flat topography of the surface caused 
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by indents could have contributed erroneous scatter in the measured BE signal As 
previously discussed (Section 3.2.5) water used in polishing may have generated 
ultracracks in the bone surface which may also influence BE quantification. This 
would be considered negligible given the selected scanning resolution and taken in 
comparison to the effect of the indents.  
Due to concerns of potential damage generated in the bone tissue during the 
carbon coating process and by the electron beam during imaging, the research group 
decided to perform qBEI after nanoindentation testing. In this way, the qBEI process 
would not influence the measurement of mechanical properties.  
3.6 MICRO-COMPUTED TOMOGRAPHY 
Micro-computed tomography (µCT) is a desktop experimental imaging 
technique used to visualise an object in 3D by combining a series of x-ray 
projections. µCT is often used in trabecular bone mechanics studies to characterise 
the trabecular architecture (see Literature Review, Section 2.3). The micro-
architectural information obtained from µCT was used to describe the condition of 
the trabecular bone samples and to determine the orientation of tested trabeculae with 
respect to macroscopic loading directions. 
Like clinical CT, µCT non-invasively determines the internal features of an 
object. The µCT, as its name suggests, can achieve much higher resolution than its 
clinical counterpart and in doing so uses more radiation. In this study, the instrument 
was also used to assess if any effects of its ionising radiation dose on trabecular 
bone‟s mechanical properties could be identified by nanoindentation. 
3.6.1 µCT Procedure 
A subset of tissue samples was imaged using a µCT 40 (Scanco, Switzerland), 
at the Institute of Health and Biomedical Innovation (IHBI), QUT. Under optimal 
conditions, the scanner can resolve features down to a voxel size of 6 µm. This 
resolution is not necessary for resolving trabecular microarchitecture however 
(Müller, 2002), and larger voxel sizes can be used, aiming for at least three voxels 
through the smallest dimension of a trabecular strut. Accordingly, the standard 
resolution setting of the µCT 40 (250 projections over 180°, each of 1024 imaging 
samples) with voxel size 12 µm was used in this study. Imaging was performed using 
a source voltage of 70 kV and a beam current of 114 µA.  
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Samples were scanned prior to fixation and embedding. This time point 
corresponds to the typical use of µCT in a trabecular bone mechanics study. Samples 
were immersed in phosphate buffered saline solution for scanning, to maintain tissue 
hydration, minimise temperature change and to reduce attenuation of x-rays, as 
compared with scanning in air.  
3.6.2 Image Analysis 
The raw data output from the µCT was converted into series of TIFF images 
for later recombination in a 3D format using software such as ImageJ or 
SimpleWare. An evaluation of the trabecular bone morphology was performed using 
Scanco post-processing software. The analysis included values for bone volume to 
total volume ratio (BV/TV), average trabecular thickness and number, a Structure 
Model Index (SMI), which indicates the presence of rod- or plate-like architecture 
(where SMI = 0 corresponds to an ideal plate and SMI = 1 to an ideal rod), and 
Degree of Anisotropy (DA), which defines the principal alignment of the trabecular 
microstructure. (For more details on these parameters, refer to Table 2-1, Section 
2.1.1.) It should be noted that these results are dependent on the values selected for 
thresholding of the bone image and the method used for calculation. The 
thresholding values were maintained across all analyses.  
As with the qBEI approach, the x-rays used in µCT will interact with the bone 
tissue to produce an image intensity (greyscale) corresponding to the amount of 
mineral in the bone tissue. However, due to an imaging artefact called beam 
hardening, this will not be a true measure of bone mineral content. This effect is due 
to the polychromatic nature of the x-rays generated in the desktop µCT. To avoid 
beam hardening effects, highly collimated synchrotron light may be used, but this is 
expensive and not readily available in Brisbane. It can also be addressed by applying 
filters which attenuate low energy x-rays during µCT scanning (Meganck et al., 
2009), but these were deemed unnecessary for the current study since the µCT scans 
were performed primarily for anatomical purposes rather than for quantitative bone 
mineral density determination. Bone tissue mineral density and distribution was 
adequately characterised by the qBEI for the purposes of this study.  
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3.7 EXPERIMENTAL TIMELINE 
Once each component of the experimental program had been evaluated and 
techniques established, the complete testing procedure was performed in the 
following order: 
1. Sample extraction 
2. Where relevant, µCT scanning (subset of samples) 
3. Fixation, dehydration and embedding 
4. Sectioning and block face polishing 
5. Nanoindentation and immediate AFM imaging 
6. Carbon coating and qBEI  
7. Data analysis 
3.7.1 Sample Storage 
The acquisition, preparation, testing and post-processing of samples took a 
considerable amount of time. The time elapsed between initial sample sectioning and 
nanoindentation was minimised.  
Linde and Sørensen (1993) found that storage of trabecular bone at -20°C, 
including periods of thawing and refreezing, did not have a significant effect on the 
measured mechanical properties. A significant drop in stiffness occurred during 24 
hours post mortem, however this is an unavoidable effect of ex vivo bone tissue 
evaluation. Viscoelastic properties did however change with time and the removal of 
bone marrow played a significant role in the response of the trabecular bone to 
macro-level testing.  
Mittra et al. (2006) investigated the effects of sample preparation and storage 
on bone nanoindentation. While the choice of embedding media, loading rate and 
indenter penetration depth or force, did not seem to significantly influence the 
measured indentation modulus, a temporal effect was observed. The indentation 
modulus increased over several months and thus it is recommended to complete 
testing within six months of sample embedding. Samples in this study were tested as 
soon as possible and within a couple of months of embedding.  
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Small beads of moisture were observed collecting on the surface of some 
samples post-polishing. It was unclear whether this moisture rose from within the 
embedded sample to the surface or collected there from the atmosphere. Although 
the samples were fixed, the presence of water could be conducive to bacterial activity 
and thus to be avoided during storage. In order to maintain samples in a constant 
state of dehydration, samples were subsequently stored with a silica bead desiccant.  
3.8 ETHICAL CONSIDERATIONS 
Ethical considerations are important when using human and animal tissue in 
bone mechanics research. Ethical clearance was sought and approved by the QUT 
Ethics Office. Given the involvement of other research institutions, additional ethical 
requirements were met for the University of Queensland and Griffith University.  
Ethics documentation is attached as Appendix D.  
A risk management plan was evaluated for all experimental work. Health and 
safety procedures, as determined by the risk management plan were followed at all 
times.  
3.9 CHAPTER SUMMARY 
This chapter has explained all of the experimental techniques used in this thesis 
for the mechanical evaluation of trabecular bone tissue. It showed the fundamental 
principles behind each of the imaging modalities: optical microscopy, AFM, qBEI 
and µCT. It discussed the principles of nanoindentation and the factors that can 
influence results, including equipment and environmental factors, choice of testing 
parameters and interaction between the indenter and bone surface. The reader should 
now have all of the knowledge necessary to evaluate the experimental results 
presented in the next two chapters. 
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Chapter 4: Evaluation of Trabecular Bone 
Tissue by Single Load 
Nanoindentation 
This chapter presents and discusses the results of mechanical testing performed 
on bovine and human femoral trabecular bone using a single load nanoindentation 
testing approach. The specific goals of the experimental component of the thesis 
presented in this chapter were to: 
1. Evaluate the high load nanoindentation testing method; 
2. Quantify and characterise the plastic deformation induced by single load 
nanoindentation testing using AFM; 
3. Investigate and attempt to identify a relationship between bone mineral 
content and nanoindentation testing results in trabecular bone;  
4. Characterise the influence of trabecular orientation and indentation 
direction in the response of trabecular bone tissue to nanoindentation 
testing; and 
5. Investigate and identify the influence, if any, of the ionising radiation 
associated with a standard desktop µCT scan for trabecular geometry on 
the response of bone tissue to nanoindentation. 
 
The candidate wishes to acknowledge that the experimental work in this 
chapter was performed in collaboration with colleagues at The University of 
Queensland (UQ), namely Ms Chih-Ling (Jenny) Lin, Dr Bronwen Cribb and Prof. 
Han Huang. Decisions regarding the experimental testing methods were made 
jointly, especially with regard to the standard load testing. The high load testing, 
analysis and interpretation presented in this and the following chapter were the 
primary focus of this candidate. Nanoindentation testing was performed at Prof. 
Huang‟s Nanomechanics Laboratory at UQ. All other experimental work was 
undertaken at QUT. 
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4.1 SAMPLE OVERVIEW 
The results presented in this chapter were from single load nanoindentation 
experiments performed in bovine and human bone tissue. The high load bovine bone 
testing consisted of 26 indents at various peak loads and loading rates in two 
samples, one exposed to µCT radiation (n = 14 indents) and one not (n = 8 indents). 
The high load nanoindentation experiments performed on human bone tissue are 
outlined in Figure 4-1. 
 
Figure 4-1: Sample chart for single indent high load nanoindentation on human bone tissue.  
 
For each of the eight separate samples, the 12 indents were variations of three 
peak loads (10, 30, 100 mN) at four loading rates (0.4, 1, 4, 10 mN∙s-1). The last two 
samples from the 86-year-old donor included a series of indents across a trabecula 
(100 mN at 0.4 mN∙s-1). In addition, approximately 950 standard load indents (2 mN 
@ 3.3 mN∙s-1) were performed, 89 of which were on bovine bone tissue.  
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4.2 EVALUATION OF HIGH LOAD NANOINDENTATION 
The load function for high load testing conditions was first examined 
separately before investigating the role of tissue microstructure on nanoindentation 
output. The data examined was the load-displacement response and AFM images.   
4.2.1 Peak Load 
The effect of peak load under high load nanoindentation conditions was 
examined in both bovine and human femoral trabecular bone.  
Bovine Bone 
The load-displacement responses for two indentations in bovine trabecular 
bone, one to a peak load of 30 mN, the other 100 mN, are presented in Figure 4-2. 
 
Figure 4-2: Load-displacement response for bovine trabecular bone tested to a peak load of 30 mN 
and 100 mN at 1.0 mN∙s-1.  
Performed at a constant loading rate of 1.0 mN∙s-1, both indents followed a 
similar initial loading path. During the holding period of 30 s, the indenter depth 
increased by approximately 10% of the initial depth at peak load in the 30 mN test 
and 7% in the 100 mN test. Although the magnitude of the change in depth during 
the holding time at peak load was 70% greater in magnitude for the higher load case, 
it represented a lower proportion of the depth taken to reach the peak load. This is 
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partially explained by the greater contact area of the indenter tip with the bone tissue 
as indenter depth increases, thus resulting in a greater distribution of the load. An 
increase in plastic deformation that occurs with higher loading may also contribute.  
AFM images of the two indents are shown in Figure 4-3.  
 
 
Figure 4-3: AFM images of A. 30 mN and B. 100 mN indents in bovine trabecular bone. 
Corresponding line profiles across the C. 30 mN and D. 100 mN indents in the direction of the red 
arrow. Scan region: 40×40 µm. NB: Scale bars differ, units: µm. 
The residual indent approximately doubled in size between the two peak loads. 
Comparing the AFM-measured indent depth with the final output of the nanoindenter 
gave a similar value for the 30 mN indent; however, the 100 mN indent depth was 
measured to be only 80% of the final depth recorded by the indenter. Note that no 
measureable pile-up was observed at peak loads of either 30 mN or 100 mN in 
bovine bone when prepared using the final sample embedding procedure. 
Human Bone 
Human trabecular bone samples were tested at separate but nearby locations to 
peak loads of 10, 30 and 100 mN, respectively. Examples from the 52-year-old and 
86-year-old donors are shown in Figure 4-4 and Figure 4-5, respectively.   
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Figure 4-4: Load-displacement response of human trabecular bone tissue from a 52-year-old donor, 
loaded to 10, 30 and 100 mN at 1.0 mN∙s-1. 
 
Like the bovine bone, the 52-year-old human bone sample showed a similar 
initial loading curve regardless of the maximum load applied. The load-displacement 
curve had a similar shape across all loads. The loading curve of a 30 mN test from 
the 86-year-old bone sample (Figure 4-5) deviated from the loading curve pattern of 
the other two tests performed in nearby bone tissue.  
Consistent across all tests, an increase in peak load corresponded to a decrease 
in the change of indenter depth during the holding period at peak load, relative to the 
applied load. The mean change in depth during the holding period was 13%, 9% and 
5% of the depth at initial application of the peak load for 10, 30 and 100 mN, 
respectively. 
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Figure 4-5: Load-displacement response of human trabecular bone tissue from an 86-year-old donor, 
loaded to 10, 30 and 100 mN at 1.0 mN∙s-1.  
 
The post-indent profile as measured by AFM for the 10, 30 and 100 mN 
indents of Figure 4-4 performed on bone tissue from the 52-year-old donor are 
shown in Figure 4-6. A sloped surface is clearly evident in the line profile (Line 1) of 
the 100 mN indent (Figure 4-6D). The 100 mN indent was performed in a brighter 
(and therefore higher Z-height) region of the AFM image. This has skewed the mean 
pixel image (taken from the whole image exclusive of indent region, see Section 
3.4.2), as can be seen the second line profile in Figure 4-6D. The AFM-measured 
height was always taken as the difference between the pre- and post-test surface 
measurement at the point of maximum indent depth, averaged over three line 
profiles, therefore accounting for the image pixel mean.  
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Figure 4-6: AFM images for A. 10 mN (scan region: 20×20 µm), B. 30 mN and C. 100 mN (scan 
region: 40×40 µm) at 1.0 mN∙s-1 in human trabecular bone from the 52-year-old donor. D. Line 
profiles (100 mN indent) in the directions of the red arrows. Scale bar in µm. NB: Scale bars are 
different for each image. 
Another post-indent profile from a second bone sample from the 52-year-old 
donor is shown in Figure 4-7. 
 
Figure 4-7: A. AFM image for 10 mN indent in bone from the 52-year-old donor (scan region: 
20×20 µm). Scale bar in µm. B. Line profile in direction of red arrow. 
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On first glance the 10 mN indent of Figure 4-7 appears to be surrounded by 
pile-up; however, on closer inspection this was believed to be a consequence of the 
uneven surface finish rather than true pile-up. The line profile across the indent 
suggests a lateral shift of material as the indenter was displaced into the bone tissue 
rather than a vertical shift of material along the indenter face to generate pile-up. 
This was reinforced by the unquestionable lack of pile-up under higher loads. If pile-
up was a feature of bone nanoindentation, it would be expected to occur with 
increasing load. The non-equilateral triangle appearance of the residual indent when 
viewed from above is also thought to be a consequence of the uneven surface.  
Like the bovine bone samples, the human bone material showed a discrepancy 
between the final indent depth as measured by the nanoindenter and that measured by 
the AFM. This was difficult to distinguish in the lower loads, but a clear trend 
occurred in the bovine and 52-year-old samples loaded to 100 mN where the final 
height recorded by AFM, hLP, was consistently approximately 80% of the indenter-
measured final depth, hf (Figure 4-8). This pattern was not clear for the sample from 
the 86-year-old donor. 
 
 
Figure 4-8: Difference between indenter final indent depth output, hf, and AFM-measured indent 
depth, hLP.  
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As per the experimental timeline (Chapter 3, Section 3.7), AFM measurements 
were made directly after each nanoindentation experiment. However, due to specific 
testing conditions on the day, the time between nanoindentation and imaging ranged 
from 11 to 38 minutes. The mean time interval for the bovine bone and bone from 
the 52-year-old donor was 12 minutes and for the 86-year-old donor, the mean time 
interval was 22 minutes. The samples from the 86-year-old donor were tested first, so 
the reduction in time between the experiment and AFM imaging may have been a 
consequence of practice and experience with the experimental procedures.  
Although the difference in measured heights was likely a result of the time-
dependent behaviour of bone, it was important to confirm the AFM depth 
measurement capability.  
4.2.2 AFM Depth Measurement Considerations 
In order to establish the capability of the AFM to measure the residual indent 
shape, high load nanoindentation was performed on a material not known to exhibit 
time-dependent behaviour, specifically in the recovery of the indent depth over time. 
A 1 mm thick sample of gallium arsenide (GaAs) from another project in the 
nanoindentation laboratory was selected for this purpose. Gallium arsenide, 
commonly used in semi-conductor applications, is described as a brittle material that 
may deform plastically at its surface (Hjort, Söderkvist & Schweitz, 1994). There is 
no mention of a time-dependent response to loading, except for indentation creep 
observed only after a pop-in phenomenon had occurred (Syed Asif & Pethica, 1997). 
The resulting load-displacement curve is shown in Figure 4-9. Pop-in or pop-
out events are recognisable as discrete shifts in the loading and unloading portions of 
the load-displacement curve, respectively. These events can be caused by phase 
transformations or cracking within a material. No pop-in or pop-out phenomena are 
suggested by the response of the GaAs sample indented to a maximum depth of 
1.2 µm and corresponding peak load of 225.5 mN. The final (zero load) indent depth 
was given by the indenter as 0.760 µm. This depth was much greater than the sub-
nanometre measurement resolution of the indenter (Chapter 3, Section 3.3.1). 
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Figure 4-9: Load-displacement curve for high load nanoindentation on GaAs. 
The corresponding AFM image of the GaAs residual indent and line profiles 
across the indent are shown in Figure 4-10. The slope of the polished surface is 
particularly noticeable in the third line profile. It is important to note when 
comparing the line profiles that the x-axis of each line profile is in pixels, not µm, 
which may skew the length of the line profile. 
 
Figure 4-10: A. AFM image and B. line profiles across the residual indent on GaAs. Scan region: 
40×40 µm. Scale bar: Z-height in µm.  
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Once the AFM image had been normalised by the extra-indent pixel values, the 
image minimum Z-height and mean of the minimum points of the three line profiles 
through the indent was 0.747 µm. Comparing the AFM-measured depth of 0.747 µm 
with the indenter zero-load depth of 0.760 µm gives a difference of 13 nm, or 
approximately 1.7%. A value of ±13 nm is greater than the sub-nanometre resolution 
quoted by the AFM manufacturer, but more relevant to the specific imaging 
circumstances of this study‟s bone nanoindentation. It therefore supports the finding 
that between the removal of the indenter and time of AFM image acquisition (12 
minutes) approximately 20% of the final indent depth recovered in the bovine and 
52-year-old human bone tissue tested to a peak load of 100 mN at 1.0 mN∙s-1.  
4.2.3 Time Lapse Study of Post-Test Indent Depth 
The post-indentation recovery of indent depth reflects the strongly time-
dependent response of bone tissue to mechanical load. Analysis of the AFM data 
suggests a considerable recovery of the indent depth between the removal of the 
indenter from the material and image acquisition. In order to investigate how long 
this phenomenon persisted, a time lapse study was performed to compare AFM 
indent measurement over time. Indents were performed to a peak load of 30, 100 and 
500 mN. They were then imaged regularly over the subsequent four and a half days.  
Although data was not able to be recorded during this specific testing, 
representative data from another set of experiments indicated that the ambient 
conditions in the chamber were 26.3 ± 1°C and 59.6 ± 1.5% relative humidity. The 
laboratory room temperature was maintained at 24 ± 1°C.  
Unfortunately difficulties associated with imaging such a large indent, along 
with debris that gathered in the bottom of the residual indent, resulted in the 500 mN 
data being unusable and therefore it was subsequently discarded. Four AFM images 
from the 100 mN indent are presented in Figure 4-11. 
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Figure 4-11: AFM image data of a 100mN indent imaged at A. t = 18 min, B. t = 504 min,  
C. t = 1516 min, D. t = 6161 min. Scale bar gives Z-height in µm. 
 
Little change is perceptible across the AFM images for both the 30 mN and 
100 mN tests. The relationship of the measured indent depth against time is graphed 
in Figure 4-12. Each point is plotted as a fraction of the initial indenter depth 
recorded at the end of the indentation test, hf. Based on a comparison of the zero-load 
indenter depth with the depth of the first AFM image, a considerable drop of 
approximately 45% has occurred. Figure 4-12 shows that the indent depth continued 
to drop slightly over time for the 100 mN test, and to a lesser extent, also in the 
30 mN test. Note that the logarithmic scale on the x-axis (time) in this graph.  
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Figure 4-12: Ratio of AFM-measured indent depth, hLP, to the indenter zero-load indent depth 
measurement, hf, during time lapse study. NB: Time axis is plotted on a logarithmic scale.  
 
The first AFM image for the 30 mN and 100 mN tests were taken 30 min and 
18 min post-test, respectively. Aside from the difference in applied load, the longer 
initial interval for the 30 mN indent may help to explain why the depth derived from 
the AFM data did not continue to drop as much for the 30 mN test as it did for the 
100 mN test.  
Revisiting the tests of Figure 4-8, it is noted that approximately 12 minutes had 
elapsed between indenter removal and the AFM imaging for all indents described, 
except for indents 8 and 9, for which 22 minutes had elapsed. A longer time interval 
prior to AFM imaging for the two 86-year-old bone tests may help to explain the 
greater reduction in indent depth when measured by AFM, compared with the bovine 
and other human bone tests.  
Due to the time-consuming nature of the time lapse experiment, only three 
peak loads were attempted in two samples. Although only a small sample size, these 
data suggest that the recovery of the indent depth occurs within a relatively short 
time after testing. However, this time may depend on the indent load and thus initial 
maximum indent depth. While it may not be practical to delay AFM imaging for at 
least 30 min after testing, it is important to compare AFM data taken at the same time 
point.  
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Due to the necessity to use the testing equipment for other purposes during the 
time lapse experiments, movement may have introduced some errors. Along with 
inherent sources of error of the AFM imaging process, these errors may contribute to 
the variance of the data points plotted in Figure 4-12. 
4.2.4 Loading Rate 
A second aspect of the load function examined in both bovine and human 
femoral trabecular bone, particularly relevant for any time-dependent behaviour, was 
the loading rate.  
Bovine Bone 
The effect of indentation loading rate was investigated by maintaining a 
constant peak load while varying the loading rate to 0.4, 1.0, 4.0 and 10 mN∙s-1 in 
tests performed near one another on a trabecula. In the case of bovine bone, two peak 
loads were chosen: 30 and 100 mN. The load-displacement responses for a set of 
100 mN tests are given in Figure 4-13.  
 
 
Figure 4-13: Load-displacement curves for various loading rates to a peak load of 100 mN in bovine 
trabecular bone.  
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The effect of a faster loading rate was a shorter time to reach the peak load and 
thus, a steeper loading curve. The depth of the indenter at the end of the loading 
stage for the 0.4 mN∙s-1 test was 3.18 µm compared with 2.78 µm for the 10 mN∙s-1 
test. This generated a 14% increase in indenter depth by reducing the loading rate to 
4% of the faster loading rate.    
The change in indenter depth during the 30 s holding period at peak load 
increased with the loading rate: a 25-fold increase in loading rate from 0.4 mN∙s-1 to 
10 mN∙s-1 corresponded to almost four times the change in depth during the 30 s 
holding period (from 0.12 µm to 0.46 µm). In Figure 4-14 this change in depth 
during the hold at peak load is plotted as a fraction of the depth at the beginning of 
the holding period. These data are plotted for both the 30 and 100 mN tests in bovine 
bone tissue. Note the logarithmic scale for loading rate along the x-axis.  
 
Figure 4-14: The change in indenter depth during the 30 s hold period at peak load, as a function of 
loading rate. Depth change is described as a fraction of the depth at the beginning of the hold period. 
NB: Log scale on the x-axis (loading rate).  
During the preliminary study (refer to Appendix A) before the lengthy 
infiltration step was removed from the sample preparation process, it seemed that the 
height of pile-up increased with higher loading rates. However, no subsequent testing 
using the final preparation technique resulted in the observation of pile-up.  
AFM data for the four loading rates in bovine bone loaded to the peak load of 
100 mN are shown in Figure 4-15. All four images were captured approximately 12 
minutes after the test was completed. The measured indent depth by AFM was 
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consistently approximately 80% of the final indent depth recorded by the 
nanoindenter. Therefore there does not appear to be a trend in the AFM data across 
these indents due to the loading rate.   
 
Figure 4-15: AFM images for 100 mN indents performed on bovine trabecular bone tissue at loading 
rates: A. 0.4 mN∙s-1, B. 1 mN∙s-1, C. 4 mN∙s-1 and D. 10 mN∙s-1. 
Human Bone 
Examples of the load-displacement response for a bone sample from the 
52-year-old human donor are given in Figure 4-16. As for the bovine bone results, an 
increase in loading rate corresponded with a greater change in indenter depth during 
the holding period at peak load: the 25-fold increase in loading rate from 0.4 mN∙s-1 
to 10 mN∙s-1 corresponded to almost four times the change in depth during the 30 s 
holding period (0.09 µm to 0.35 µm), similar to the bovine bone tissue.  However, 
unlike the bovine bone, all tests arrived at a similar point at the end of the loading 
stage, ~2.9 µm. While using the same loading profile to 100 mN, the human bone 
tissue reached indent depths at the end of the loading stage similar to those of the 
bovine bone (less than 10% difference), the change in depth during the holding 
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period in the 52-year-old human bone tissue was approximately 73% of those 
measured in the bovine bone tissue.  
 
 
Figure 4-16: Load-displacement curves from a 52-year-old human bone sample loaded to a peak load 
of 100 mN at various loading rates.  
For the 100 mN peak load series, a similar loading curve was observed under 
all loading rates. In the examples of Figure 4-16, the unloading curves also exhibit a 
similar shape, albeit with a shift due to differing creep during the 30 s hold period. 
These clear patterns, however, were not observed across all sample sets. For instance 
the 30 mN test series from the same sample showed greater variation in the load-
displacement curve than occurred in the two sets discussed. Specifically, the order of 
the load-displacement curves was not consistent with increasing loading rate and 
there were differences in the curve shapes. 
Isolating and comparing the different stages of the load-displacement response 
can provide insight into the effect of loading rate changes at each stage of the 
trapezoidal nanoindentation load function. Figure 4-17 shows loading and unloading 
curves for the various loading rates, for three peak loads.  Each portion of the curve 
is aligned at the height at the beginning of the particular stage.  
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Figure 4-17: Loading curves, aligned from the point of application of load  (A., C., E.) and unloading 
curves, aligned at the start of the unloading step (B., D., F.), for various loading rates to peak loads of 
10, 30 and 100 mN in human bone tissue from the 52-year-old donor. NB: Scales of axes differ.  
The unloading curves at each peak load drop from the maximum indent depth 
in a reasonably linear fashion. A concave curve at the top of the unloading curve is a 
tell-tale sign that insufficient time was allowed during the holding period at peak 
load. The holding period should be long enough to allow the bone tissue to reach a 
steady state. Although this was not a feature in the graphs of Figure 4-17, some tests 
at 100 mN and above did produce this effect.  
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With increasing peak load, less variation in the slope of the loading curve is 
apparent. The change in loading rate at a peak load of 10 mN resulted in a separation 
of the unloading curves. An estimation of the slope of these unloading curves differs 
with the loading rate. This has implications for the calculation of the indentation 
elastic modulus, which is based on the upper portion of the unloading curve. These 
graphs suggest that the influence of loading rate on the load-displacement response 
of trabecular bone tissue diminishes as the peak load increases, because the depth 
changes during each stage of a single test become smaller relative to the overall 
indent size. In this case the slope of the loading curve does not appear to nicely 
correlate with the loading rate. There are other factors in play to influence the 
response of the bone tissue to high load nanoindentation testing than simply the peak 
load and loading rate, within a given sample. 
A summary of the key points from the AFM data for a loading rate series in 
human bone tissue is given in Figure 4-18. The indent depth, measured by the 
indenter and later by AFM is plotted for 16 indents to a peak load of 100 mN in bone 
tissue from the 52-year-old donor. 
 
 
Figure 4-18: Final indenter depth according to indenter instrumentation (hf) and AFM measurement 
(hLP) to a peak load of 100 mN at four loading rates in four bone samples from the 52-year-old donor.  
 
All indents were imaged approximately 12 minutes after the end of each 
experiment. A slight upward trend is apparent in the final indent depth as measured 
by the indenter as the test loading rate increases. The second noteworthy feature is 
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the increase in difference between the final indent depth according to the indenter, hf, 
and the AFM measured depth, hLP. No pile-up was observed.   
4.3 EFFECT OF BONE MINERAL CONTENT 
As discussed in the Literature Review (Chapter 2), bone mineral is considered 
to play an important role in the response of trabecular bone tissue to mechanical 
loading, in particular in contributing to its brittle-like behaviour. Nanoindentation, 
under both standard load and high load conditions, was performed and correlated to 
local bone mineral content measured by qBEI (quantitative Backscattered Electron 
Imaging).  
4.3.1 Standard Load Testing  
The methods were first established using bovine bone samples, then extended 
to human bone tissue. One bovine bone specimen prepared in the same way as the 
human bone samples was indented and imaged using qBEI. Eight samples from the 
two human bone donors were analysed in the same way. All standard load testing 
was performed to a peak load of 2 mN at approximately 3.3 mN∙s-1.  
Bovine Bone 
Two separate trabeculae in the bovine bone specimen were indented, as shown 
in Figure 4-19.  
 
 
Figure 4-19: qBEI images of bovine bone trabeculae with approximate location of indents shown in 
red. Yellow circles indicate indents on resin or near the resin-bone boundary, which were excluded 
from analysis.  
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The indentation elastic modulus and contact hardness measurements for these 
indents are plotted against bone mineral content in Figure 4-20 and Figure 4-21, 
respectively. Neither quantity suggests a relationship exists with the measured bone 
mineral content in bovine trabecular bone tissue.  
 
Figure 4-20: The effect of bone mineral content (Wt.% Ca) on the reduced elastic moduli, Er, across 
two trabeculae from a bovine femoral head.  
 
 
Figure 4-21: The effect of bone mineral content (Wt.% Ca) on contact hardness, H, across two 
trabeculae from a bovine femoral head.  
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Human Bone 
Four trabeculae tested under standard load conditions (Pmax = 2 mN, loading 
rate 3.3 mN∙s-1) are shown in the back-scattered SEM images of Figure 4-22. Note 
that this figure is included to provide a general overview of bone mineral distribution 
across the samples, not as a quantitative presentation of results, therefore no calcium 
content scale (wt.% Ca) is given.  
 
Figure 4-22: Overview of qBEI results for four regions tested using standard load nanoindentation 
showing bone mineral distribution across each sample.  
Top row: 52-year-old. Bottom row: 86-year-old. 
While the 52-year-old bone samples were fairly uniform in their mineral 
distribution, trabeculae from regions of the 86-year-old donor‟s bone tissue were 
considerably darker with greater variation across the trabecular bone surface. A 
second imaging session of the 86-year-old sample, shown bottom left in Figure 4-22, 
confirmed that the lower calcium content measurement was not erroneous.  
The conventional standard load nanoindentation output parameters of reduced 
elastic modulus, Er, and contact hardness, H, as well as the maximum indent depth, 
hmax, are shown in Figure 4-23, Figure 4-24 and Figure 4-25, respectively. 
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Figure 4-23: Reduced elastic modulus, Er, as a function of calcium content (Wt.% Ca) in human 
trabecular bone tissue.   
 
Figure 4-24: Contact hardness, H, as a function of calcium content (Wt.% Ca) in human trabecular 
bone tissue. 
 
Figure 4-25: Maximum indent depth, hmax, as a function of calcium content (Wt.% Ca) in human 
trabecular bone tissue.  
The energy expenditure index, is the ratio of energy dissipated during the 
indentation, UD, (area enclosed by the load-displacement curve) to total energy, UT, 
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(area under the load-displacement curve) for a nanoindentation experiment (see 
Figure 4-26), or        . The energy expenditure index is plotted against local 
bone mineral content in Figure 4-27.  
 
Figure 4-26: Schematic diagram of energy involved in a bone nanoindentation experiment, where 
UT = total energy, UE = elastic (recoverable) energy and UD = dissipated energy.  
 
Figure 4-27: Energy expenditure index, Ψ, as a function of calcium content (Wt.% Ca) in human 
trabecular bone tissue.  
Both the reduced elastic modulus and hardness values show a slight upward 
trend with increased local bone mineral content. Although the mineral content of 
bone tissue from the 52-year-old donor was more mineralised than that from the 
86-year-old donor, they display a continuous trend across the graph, including where 
the points overlap at approximately 23% calcium content.  
Pearson‟s correlation coefficient, r, tests show that a potential correlation exists 
between the reduced elastic modulus (r = 0.325, p < 0.01), hardness (r = 0.328, 
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p < 0.01) and maximum indent depth (r = –0.370, p < 0.01) with the bone mineral 
content. The tests were performed for each donor separately, i.e. for the 52-year-old 
and 86-year-old bone samples, and combined. The trend is present in the 86-year-old 
bone alone, and to a lesser extent, also in the 52-year-old bone sample.  
Linear regression analysis performed on the parameters from all data combined 
with the highest correlation coefficients are as follows: 
                     (GPa)  R
2
 = 0.365, p < 0.01 
                     (GPa)  R2 = 0.302, p < 0.01 
                      (nm)  R
2
 = 0.400, p < 0.01 
where Ca is the bone mineral content in percentage weight of calcium. 
Therefore the calcium content can account for 30-40% of the variation in the 
nanoindentation properties.  
 
4.3.2 High Load Testing 
 
Bovine Bone 
A series of ten high load indentations to a peak load of 100 mN at 0.4 mN∙s-1 
were performed across a single bovine trabecula, as shown in Figure 4-28. The 
optical microscope image (Figure 4-28A) shows how the indent sites were chosen 
based on the optical microscope image alone and highlights the lack of information 
on mineral content distribution prior to testing. This was due to the decision to 
perform nanoindentation before qBEI (refer to Chapter 3, Section 3.5.2). The qBEI 
image (Figure 4-28B) indicates the bone mineral content distribution and how 
indents of a peak load of at least 100 mN (and sometimes as low as 30 mN) could be 
identified directly in the qBEI image.  
 134 Chapter 4: Evaluation of Trabecular Bone Tissue by Single Load Nanoindentation 
 
Figure 4-28: Ten high load indents (Pmax=100 mN) were performed across a single bovine trabecula. 
Indents are shown under optical microscope (A.) and are visible in the qBEI (B.). Indents 7 and 8 are 
highlighted by the red circles.   
The indent depths, at maximum depth and post-test as measured by the AFM 
image, are given in Figure 4-29. Note that this figure is different from the similar 
Figure 4-18 presented earlier in this chapter, in that the maximum depth, hmax, has 
been plotted instead of the final indenter-measured, hf, along with the AFM-
measured residual indent depth, hLP. (The hf data was unavailable for this dataset.) 
No clear relationship between bone mineral content and the indent depth 
characteristics was identified in bovine bone. Furthermore, no relationship with 
mineral content could be identified in the change of indenter depth during the 
holding period at peak load or by analysing the load-displacement curves directly.  
 
 
Figure 4-29: Maximum indent depth, hmax, and indent depth as measured by AFM post-test, hLP, as 
a function of mineral content in bovine trabecular bone. 
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Human Bone 
In a similar manner to the bovine bone testing, four series of ten high load 
indents were performed across four individual human trabeculae, an example of 
which is shown in Figure 4-30.  
 
 
Figure 4-30: Series of high load indents (Pmax=100 mN) across a human trabecula from the 
86-year-old donor imaged by an optical microscope (A.) and a corresponding SEM image (B.), rotated 
~30°counterclockwise. 
 
The indent depths for a single trabecula at indenter removal and post-test by 
AFM measurement with respect to bone mineral content are shown in Figure 4-31. 
An error during testing excluded the hf for the lowest calcium content value.   
 
Figure 4-31: Indent depth as measured by the indenter, hf, and by the AFM, hLP , as a function of 
calcium content for a set of 100 mN indents across a single human trabecula from the 86-year-old 
donor. 
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The indent depth, at both the time of indenter removal and as subsequently 
measured by AFM, showed a downwards trend as mineral content increased. The 
corresponding energy expenditure index for these data is given in Figure 4-32. There 
is no apparent dependence of the energy expenditure index on mineral content.  
 
 
Figure 4-32: Energy expenditure index, ψ, versus calcium content for a set of 100 mN indents across a 
single human trabecula from the 86-year-old donor.  
 
While each of these datasets were taken from a single specimen of a single 
donor to avoid inter-specimen variations, the same analysis can also be performed on 
tests using the same load function over the range of human bone specimens. This 
allows a greater range of mineral content to be examined. The indent depths 
measured at three stages (maximum load, final indenter measurement and post-test 
AFM-measurement) across the entire sample set are presented in Figure 4-33. As 
mineral content increases, less of the indent depth is recovered. The mineral content 
has its greatest influence on the maximum indent depth. This effect is reduced in the 
indent depth at indenter removal and no trend is apparent in the AFM-measured post-
test relaxation. 
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Figure 4-33: The influence of bone mineral (calcium content) on indent depth during (hmax), at the 
end (hf) and shortly after nanoindentation (hLP) to a peak load of 100 mN (red, left) and 30 mN (blue, 
right). 
Unfortunately, data points from the 100 mN series in the lower end of the bone 
mineral content had to be excluded from this graph due to a processing error 
resulting in a holding period of only 20 s compared with all others at 30 s. Therefore 
the lowest mineral content at which an indent was successfully performed was of 
16.4 wt.% Ca, and there is a large gap between this indent and all other at a peak load 
of 100 mN. In addition, some data is missing where imaging artefacts in AFM data 
prevented the calculation of post-test indent depth, hLP.  
The effect of mineral content can also be examined using the load-
displacement curve directly, an example of which is shown in Figure 4-34. In 
general, but not always across the samples tested, increased mineral content shifted 
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the top of the load-displacement curve to the left (lower displacement), leading to 
steeper loading and unloading curves. This is reflected by the increase in reduced 
elastic modulus observed in the standard load measurements. The energy involved in 
the nanoindentation process can be measured by the area underneath the curve. It 
therefore stands to reason that such a shift in the load-displacement curve would also 
lead to energy changes.  
 
Figure 4-34: Load-displacement curves from human trabecular bone tissue of varying mineral content 
tested to a peak load of 100 mN at 10 mN∙s-1.  
Returning to the single trabecula test series, the energy involved in the 
nanoindentation loading can be calculated from the load-displacement curve, as 
depicted in Figure 4-26. The total energy, UT, involved in the process is defined as 
the area under the curve during the loading and holding periods. The elastic 
(recoverable) energy, UE, is defined as the area under the unloading curve. The 
energy dissipated during the nanoindentation experiment, UD, is the area enclosed by 
the load-displacement curve and is thus calculated by the difference between the total 
and elastic energies. The energies are presented as a fraction of the total loading 
energy in Figure 4-35.  
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Figure 4-35: Effect of bone mineral content on energy dissipated (UD) and elastic recoverable energy 
(UE) as a fraction of total energy (UT) in a series of 100 mN indents performed on a single human 
trabecula.  
As the bone mineral content increased, the proportion of total energy made up 
of recoverable elastic energy increased, while the energy dissipated during the 
indentation decreased. The energy involved in the holding period (not shown), 
calculated as the area under the change in depth during the holding period
5
, remained 
relatively constant throughout all tests across the trabecula. 
4.4 EFFECT OF TRABECULAR ORIENTATION 
Trabecular orientation with respect to apparent level principal loading direction 
was identified in the literature review as a contributor to the tissue-level response of 
trabecular bone. To investigate the effect of trabecular orientation in the current 
study, orthogonal trabeculae in bovine and human bone were tested by 
nanoindentation under both standard load and high load conditions.  
4.4.1 Standard Load Testing 
An initial analysis using bovine bone was performed before moving on to 
human bone tissue. As the method was still in development, the orientation of 
trabeculae was not successfully tracked with respect to the apparent level loading. 
Therefore, this experiment could only search for differences between trabeculae 
approximately perpendicular to each other, but not in relation to their expected 
mechanical stress state within the trabecular network.  
                                               
 
5
 Refer to Figure 5-6 and Energy Analysis section on p.160.  
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Bovine Bone 
Two approximately perpendicular trabeculae within a single embedded sample 
were selected for a series of standard load indentations (Figure 4-36). For reference, 
they were termed horizontal and vertical. After the application of exclusion criteria 
(indents located on resin, near the resin-bone boundary or in resin-filled osteocyte 
lacunae), the two samples contained 81 and 53 individual nanoindentation tests on 
bone tissue, respectively. A two-sample T-Test failed to find a significant difference 
between the means of the reduced elastic modulus, Er, (horizontal: 10.63 ± 1.76 GPa, 
vertical: 11.12 ± 1.87 GPa) and contact hardness, H, (horizontal: 358 ± 94 MPa, 
vertical: 336 ± 75 MPa) for each testing region.  
 
 
Figure 4-36: Optical microscope image of indentation regions in perpendicularly-oriented bovine 
trabeculae (×10 magnification). 
 
Human Bone 
Eight sites were tested with approximately 100 indents at each site for samples 
from the two donors. Sites were classified as either longitudinal or transverse 
trabeculae, based on whether they aligned with or were perpendicular to the 
estimated apparent-level primary loading direction, respectively (see Figure 4-37).  
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Figure 4-37: Orientation of trabeculae. Black arrows indicate typical load direction along the strut. 
Circles indicate typical standard load nanoindentation sites. 
 
Longitudinal struts are generally loaded in compression and transverse struts in 
tension within the trabecular network. The indentation sites for the 52-year-old bone 
tissue are shown in Figure 4-38.  
 
Figure 4-38: Optical microscope images (×10 magnification) of indent sites (red) in transverse (A & 
C) and longitudinal (B & D) trabeculae from the 52-year-old donor. 
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One of the four datasets from the 86-year-old bone tissue was excluded from 
this analysis due to the indent site occurring at a join of two trabeculae, rather than 
along its axis. The indentation direction with respect to each trabecula was always 
transverse to trabecula‟s axis (Figure 4-39). 
 
Figure 4-39: Indentation direction was always transverse to the trabecular axis.  
The reduced elastic modulus, contact hardness and energy expenditure index 
for the pooled data according to trabecular orientation are presented in box and 
whisker plot form in Figure 4-40  and Figure 4-41. 
 
Figure 4-40: Reduced elastic modulus, Er, and contact hardness, H, according to trabecular 
orientation. Dots indicate statistical outliers.6 
                                               
 
6
 Box and whisker plot: The mid-line of each box plot represents the median data 
value, while the outer limits of each box are the 25
th
 and 75
th
 percentiles. The 
whiskers indicate 1.5 times the box height, or the minimum data value, with the dots 
being outliers falling outside of this range.  
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Figure 4-41: Energy expenditure index, ψ, according to trabecular orientation. Dots indicate statistical 
outliers. Asterisk is an extreme outlier.  
It cannot be concluded from these data that there was a difference between 
transverse and longitudinal trabeculae loaded by nanoindentation perpendicular to 
their trabecular axis.  
 
4.4.2 High Load Testing on Human Bone Tissue 
High load indentation tests to a peak load of 100 mN were performed across 
nearby transverse and longitudinal trabeculae in human bone tissue from both the 
52-year-old and 86-year-old donors. The indent depths at key time points are 
compared in Figure 4-42 and the corresponding elastic and plastic energy 
components of the load-displacement responses are compared in Figure 4-43. Given 
the previous found linear correlation between bone mineral content and indent depth, 
and the energy analysis, these values were normalised by mineral content. This was 
done to isolate the trabecular orientation from the influence of bone mineral.  
Although only a small number of tests (n = 10 indents for each orientation, 20 
indents total) were performed under high load testing conditions, the means from the 
transverse and longitudinal trabeculae could not be separated. Like the standard load 
data, no consistent trends were observed when looking at the high load 
nanoindentation data taking account of the trabecular orientation.  
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Figure 4-42: Comparison of indent depths for nearby transverse and longitudinal trabeculae, measured 
at maximum depth, hmax, at indenter removal, hf, and post-test by AFM, hLP. Depths are normalised 
by bone mineral content. Error bars indicate standard deviation. 
 
Figure 4-43: Comparison of the dissipated energy (UD) and recoverable elastic energy (UE) 
components of high load nanoindentation on nearby transverse and longitudinal trabeculae. Energy 
values are normalised by bone mineral content. Error bars indicate standard deviation.  
 
4.5 EFFECT OF µCT RADIATION 
The introduction of desktop µCT has revolutionised the study of trabecular 
bone, particularly in its powerful capability to combine specimen-specific geometry 
with FE analysis. In order to investigate the effects of the radiation dose of a typical 
µCT scan used to obtain trabecular architecture on bone mechanical properties, 
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nanoindentation was performed on embedded human bone samples exposed to µCT 
radiation. Details of the settings used in the µCT imaging are given in Section 3.6.1.  
4.5.1 Standard Load Testing 
Four pairs of samples, two from each donor, were prepared to assess the 
influence of a typical µCT scan on the mechanical properties of trabecular bone 
tissue. The results and distribution of the reduced elastic modulus and contact 
hardness for each sample (n ≈ 100 indents) are presented in Figure 4-44 and Figure 
4-45, respectively.  
Given the potential effects of mineral content on the response to 
nanoindentation, the relative mean mineral content between sample pairs is indicated 
along the bottom of each graph („<‟ indicates greater than by a couple of wt.% 
points, „<<‟ indicates greater than by more than 7 wt.Ca% points). 
 
 
Figure 4-44: Effect of standard µCT scan radiation on reduced elastic modulus in human trabecular 
bone. Dots indicate statistical outliers. Black symbols at the base of the graph indicate relative mineral 
content between sample pairs. 
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Figure 4-45: Effect of typical µCT scan radiation on contact hardness in human trabecular bone. Dots 
indicate statistical outliers. Black symbols indicate relative mineral content between sample pairs. 
 
In three of the four pairs, bone tissue subjected to µCT radiation was measured 
to have an increased indentation elastic modulus. Re-testing of the 52-year-old B 
group sample confirmed the opposite trend in this set. While no difference was 
observed in the hardness values between the 52-year-old specimens, contact hardness 
considerably increased with µCT use in the 86-year-old pairs.  
A two-sample T-Test of data pooled with respect to µCT use for each donor 
results in no statistical difference between the means of reduced elastic modulus, 
contact hardness or energy expenditure index for the 52-year-old bone tissue. 
However, both the reduced elastic modulus and contact hardness were found to be 
greater for the 86-year-old bone tissue. The energy expenditure index (not shown) 
was not statistically different.  
4.5.2 High Load Testing 
The output of high load nanoindentation of human bone tissue exposed to a 
typical µCT scan was examined in terms of indent depth (Figure 4-46) and energy 
decomposition (Figure 4-47).  
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Figure 4-46: Comparison of indent depths at maximum depth, hmax, at indenter removal, hf, and post-
test by AFM, hLP. for trabeculae from the 86-year-old donor with and without µCT scanning prior to 
indentation. Depths are normalised by bone mineral content. Error bars indicate standard deviation.  
 
Figure 4-47: Comparison of the dissipated energy (UD) and recoverable elastic energy (UE) 
components of high load nanoindentation performed on trabeculae from the 86-year-old donor, with 
and without µCT scan. Energy values are normalised by mineral content. Error bars indicate standard 
deviation.  
 In the comparison of two separate regions from two samples from the 
86-year-old bone tissue, the samples exposed to µCT showed reduced indent depths 
and decreased energy during high load nanoindentation. Although a small sample 
size (n = 10 indents for each set), two-sample T-tests indicated statistically different 
means for the maximum indent depth (p < 0.001), dissipated energy (p = 0.003) and 
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recoverable elastic energy (p < 0.0001) as plotted in Figure 4-46 and Figure 4-47. 
The pattern of decreased maximum indent depth and a smaller decrease in the final 
indent depth would correspond with a steeper upper unloading curve, and thus be 
consistent with the increased indentation elastic modulus demonstrated in the 
standard load testing of the 86-year-old bone tissue. The trend could not be 
confirmed across all the human bone testing as the series of identical indents was not 
performed on bone tissue from the 52-year-old donor. 
4.6 CHAPTER SUMMARY 
The use of high load nanoindentation to explore the mechanical properties of 
bone tissue has been demonstrated in this chapter. AFM mapping of the residual 
indent quantified a time-dependent response of bone tissue in the recovery of the 
indent depth after indenter removal. Recovery of as much as 20% of the final indent 
depth, as recorded by the indenter, was observed.  
Bone mineral was found to account for up to 40% of the variation in standard 
load nanoindentation measurements of reduced elastic modulus, hardness and 
maximum indent depth. Increased bone mineral content may contribute to increased 
stiffness of bone tissue and a corresponding resistance to penetration of the 
Berkovich tip during nanoindentation (lower maximum indent depths at higher bone 
mineral content). Trabecular orientation was not found to influence either standard or 
high load nanoindentation measurements of elastic modulus, hardness, indent depth 
or energy in both bovine and human bone tissue. In contrast, bone tissue exposed to 
radiation from a typical desktop µCT scan appeared to influence the nanomechanical 
properties of trabecular bone tissue, specifically by increasing the reduced elastic 
modulus and hardness, and by decreasing the maximum indent depth and energies 
involved in the nanoindentation event. However, this observation was not consistent 
across all bone tissue examined in this study.  
The high load nanoindentation approach combined with AFM for 
characterisation of the residual indent and qBEI for local bone mineral content 
provides new data that can be used to explore the post-yield response of bone tissue. 
It also provides valuable data to form the basis of FE modelling and the development 
of more accurate constitutive models to capture post-yield behaviour. 
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Chapter 5: Evaluation of Trabecular Bone 
Tissue by Incrementally Loaded 
Nanoindentation 
In this chapter, the high-load nanoindentation approach established in the 
previous chapter is extended to an incremental loading function. The purpose of the 
incremental loading approach is to investigate the evolution of the elasto-plastic 
constitutive response and to generate novel data for the calibration of FE models 
implementing constitutive material relations.  
 
Specifically, this chapter addresses the following goals: 
1. To establish an incremental loading function for use in investigations of 
bone tissue; 
2. To allow the elastic-plastic decomposition of nanoindentation deformation 
to provide new insights into the indentation response of trabecular bone 
tissue. 
  
5.1 SAMPLE OVERVIEW 
The results presented in this chapter are from incremental load nanoindentation 
experiments performed on bovine and human bone tissue. The bovine bone testing 
consisted of four experiments: two each of the 30-50 mN and 50-150 mN 
incremental loading profiles. Forty-eight experiments were performed on human 
bone tissue, as outlined in Figure 5-1. 
For each of the six indents in a given sample, there were two tests of each of 
the three incremental loading profiles (10-30, 30-50 and 50-150 mN), as described in 
Section 5.2. 
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Figure 5-1: Sample chart for incremental load nanoindentation experiments on human bone tissue. 
5.2 ESTABLISHING THE INCREMENTAL LOADING FUNCTION 
The incremental loading nanoindentation technique is developed in this chapter 
to probe the post-yield response of trabecular bone tissue. With a single load indent 
typically perform in nanoindentation studies, information about the elastic recovery 
can only be obtained once after the unloading of a single peak load. In this technique, 
a series of stepwise incremental loads, as shown in Figure 5-2, is used to create a 
clear loading history in a specific region (indent site) of the bone material. Elastic-
plastic deformation information can be obtained at multiple time points during a test.  
 
Figure 5-2: Incremental loading profile for a 30-50 mN experiment. (Inc. = increment)  
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Three loading profiles were used: 10-30 mN, 30-50 mN (Figure 5-2) and 
50-150 mN. The key features of the loading profiles were a constant loading and 
unloading rate of 30 mN·s
-1
, holding periods of 20 s at the peak load of each indent 
and at rest between loads, and an equal loading increment from the lowest to highest 
peak loads. As for the single indent results, the results of the load-displacement 
response measured by the indenter, energy analysis from the resulting curve and 
AFM measurement of the residual deformation were evaluated for each experiment. 
However in addition, the incremental load data were used to derive relative 
proportions of elastic (recoverable) and plastic (residual) indent depth at the load 
corresponding to each increment. All experiments were performed using a standard 
Berkovich indenter, as described in Section 3.3.1.  
5.2.1 Bovine Bone 
Load-Displacement Response 
Typical load-displacement responses for two 30-50 mN tests performed in 
bovine bone tissue are shown in Figure 5-3.  
 
Figure 5-3: Displacement response of two tests in bovine bone tissue using an incremental loading 
profile of 30-50 mN, with each increment response labelled (Inc. = increment) 
While these curves deviate from each other as the load increased, it was 
interesting to note that a pair of tests at the higher range of 50-150 mN followed 
almost the same depth response to applied load over the entire test duration. This 
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may be a feature similar to the single indent tests whereby the measured response 
converges with increasing peak load.  
A stand-out feature of Figure 5-3 is the distinction of the first loading curve 
from all others. This was a consistent feature across all of the incremental loading 
experiments. Figure 5-4 shows successive pairs of individual loading curves matched 
for comparison. Each loading curve is compared with the loading curve starting at 
the corresponding depth of the previous indent. Except for the initial loading step, 
loading continued to follow the same path to the ultimate peak load.  
 
Figure 5-4: Comparison of loading curves for each stage of the 30–50 mN incremental loading 
experiment on bovine bone tissue. (Inc. = increment) 
Energy Analysis 
The difference between the first and subsequent loading curves is also reflected 
in the energy involved in each stage of loading. The energies involved in each 
loading-hold-unloading event („increment‟), and the corresponding energy 
expenditure index, ψ, were calculated for each nanoindentation experiment (refer to 
Section 4.3.1 for more details).  
The energy expenditure index reflects the proportion of total energy dissipated 
in irreversible deformation processes for the material being tested. The energy 
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expenditure indices, calculated for each stage of loading, for two 30-50 mN 
experiments on bovine bone tissue are given in Figure 5-5.  
 
Figure 5-5: Energy expenditure index, ψ, at each stage of loading for two 30-50 mN and two 50-150 
mN incremental loading tests in bovine trabecular bone tissue.  
The energy expenditure indices were very similar for a given indentation 
profile. Like the distinct initial loading curve, the energy expenditure index for the 
first stage of loading was notably higher than the subsequent indents. A smoother 
decreasing trend occurred in the 50-150 mN experiments (Figure 5-5). This could be 
due to the larger increment size (25 mN vs. 5 mN).  
To examine the energy expenditure index in further detail, the energies 
associated with each stage of the load-displacement curve, for each increment of the 
loading profile, were analysed. The energies are defined as load energy (area under 
the loading curve), hold energy (area under the curve during the holding period at 
peak load, creep) and unload energy (area under the unloading curve: recoverable, 
elastic energy), as per Figure 5-6. The load and hold energies combine to form total 
energy, from which the energy expenditure index is calculated (Section 4.3.1).   
The load, hold and unload energies are compared in Figure 5-7 for a 30-50 mN 
experiment in bovine bone. All of the energy values increase over subsequent 
increments of the experiment. To correspond with the high energy expenditure index, 
a remarkable high level of loading energy is involved in the first increment.  
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Figure 5-6: Load, hold and unload energies (U) derived from the load-displacement curve for a single 
increment, and the plastic (hplastic) and elastic (helastic) components of the maximum indent depth. 
 
Figure 5-7: Energies associated with the load, hold and unload stages of each increment of a 
30-50 mN experiment in bovine bone.  
To take into account the change in the indenter tip contact with the bone tissue 
as loading increases, a better comparison of energy may consider the volume of bone 
displaced by the indenter during each particular stage. The volume of a triangular 
pyramid is given by      
 
    , where A is the area of the base and h is the height 
of the pyramid. The projected area of the Berkovich indenter can be estimated by 
        
  (see Section 2.3.4: Nanoindentation Testing Approach) for a given 
indenter depth, hc. Therefore by substituting these values into the equation for the 
volume of a triangular pyramid the volume of the indenter tip lowered into the bone 
can be approximated by: 
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Equation 5-1: Estimated volume of pyramidal Berkovich indenter involved in loading 
The energy components of each indent, relative to the change of volume during 
the specific testing stage, are shown in Figure 5-8.  
 
Figure 5-8: Energy per change in volume during the stages of each indent, across a 30-50 mN 
incremental loading experiment in bovine bone.  
When the volume of bone tissue displaced is considered, the elastic recoverable 
energy (i.e. during unloading) remained almost constant across all test stages. The 
energy involved in the holding period decreased during subsequent stages. Most 
notably, a far greater proportion of the energy involved in the first indent occurred 
during the loading of the bone tissue. Although the load in Increment 1 is lower, the 
indenter tip displacement is much greater than in subsequent increments, and thus the 
energy involved in Increment 1 is greater than in subsequent increments.  
Elastic-Plastic Decomposition of Indent Depth 
Each incremental indent depth was decomposed into the irrecoverable plastic 
depth, hplastic, and recoverable elastic depth, helastic, as per Figure 5-7. These were then 
plotted as a fraction of total (maximum) incremental indent depth, as shown in 
Figure 5-9. The proportions were very similar for the two different load ranges. 
These charts emphasise the greater proportion of plastic deformation that occurs 
during the first increment. Regardless of the way the experimental data is viewed and 
of the range of loads involved, considerable plastic deformation occurs in the first 
stage of an incremental loading experiment.  
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Figure 5-9: Decomposition of incremental maximum indent depths into recoverable elastic and 
irrecoverable plastic components in bovine bone tissue for incremental loading profile A. 30-50 mN 
and B. 50-150 mN. 
 
AFM Observations 
AFM images were acquired of the indent surface prior to and directly after 
indentation, an example of which is given in Figure 5-10. As this figure shows, no 
pile-up formation was observed, even when using peak loads as high as 150 mN. In a 
similar way to the single indent high-load nanoindentation of the previous chapter, 
AFM (performed 15 minutes after the end of the experiment) showed a post-test 
relaxation of the indent depth to approximately 70-85% of the final depth reported by 
the indenter instrumentation.  
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Figure 5-10: AFM images of a 50-150 mN incremental loading experiment on bovine bone A. directly 
after testing and B. with the original surface subtracted.  
Scan region 40×40 µm. Scale bar in µm. 
 
5.2.2 Human Bone 
Three incremental loading profiles were used to investigate the mechanical 
behaviour of human trabecular bone tissue: 10-30, 30-50 and 50-150 mN.  
Load-Displacement Response 
A series of load-displacement curve generated by the 30-50 mN incremental 
loading profile on bone tissue from the 52-year-old and the 86-year-old donors is 
shown in Figure 5-11. The distinction between the load-displacement responses of 
the two donors was clear in all incremental load profiles, but more so increasing 
magnitude of loading range.  
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Figure 5-11: Incremental loading showed a distinction between the load-displacement response of the 
52-year-old and the 86-year-old bone tissues.  
 
Energy Analysis 
The energy expenditure indices for each experiment followed the same pattern 
as observed in the bovine bone experiments. The results for a range of incremental 
load series on a trabecula from the 52-year-old donor are shown in Figure 5-12.  
In each test, the initial load-unload cycle resulted in a plasticity index notably 
higher than the subsequent cycles, consistent with the bovine bone observations. It is 
interesting to note that the second series of incremental loading (30-50 mN) 
continued where the lower series (10-30 mN) left off. This was not upheld in the 
50-150 mN series, which may partially be explained by the increased increment size 
of 25 mN compared with that of 5 mN in the two lower load experiments, and all 
performed at the same loading rate. 
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Figure 5-12: Energy expenditure index, ψ, for incremental loading in human bone tissue, 52-year-old 
donor. Noughts and crosses represent separate experiments.  
The bone tissue from the 86-year-old donor generated slightly higher energy 
expenditure indices and energy values (Figure 5-13). Compared with the energy 
expenditure index graph of Figure 5-12, energy expenditure indices were shifted up 
by 3-5% at each point. There was a smaller reduction in the energy expenditure index 
with increasing load in the matching test data from the 86-year-old donor.  
 
Figure 5-13: Energy expenditure index, ψ, for incremental loading in human bone tissue, 86-year-old 
donor. Noughts and crosses represent separate experiments.  
The specific energies involved in each stage of loading, normalised by the 
displaced volume, are plotted in Figure 5-14 as a function of indent load. Like in the 
bovine bone, the greatest proportion of energy was involved in the loading stage of 
the initial indent. In each experiment, the loading energy dominated during the early 
indents and was always at least double the recoverable elastic energy involved in 
unloading. After the first two indents, the energy involved in the holding period 
exceeded that of the loading step. All specific energy measurements decreased with 
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increasing applied load following an inverse relationship. This was most notable in 
the loading stage, but both the holding and unloading energies per volume typically 
halved between the first and final indent. The markedly high energy involved in the 
initial loading step, combined with the relatively low and steady elastic energy in the 
unloading step, explains the corresponding initial drop in the energy expenditure 
index.  
 
Figure 5-14: Energy (U), per unit change in indented tissue volume, for each stage of incremental 
loading of trabecular bone tissue (52-year-old donor): load, hold and unload. Noughts and crosses 
represent separate experiments.  
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5.3 CHAPTER SUMMARY 
High-load nanoindentation using an incremental loading approach provides 
novel information about the response of trabecular bone tissue to mechanical 
loading. It provides information on the progressive response of ex vivo bone tissue 
including the elastic and plastic deformation associated with loads exceeding yield. 
The data presented, particularly in terms of the load-displacement curve and AFM 
mapping of the residual indent, provide detailed conditions from which an FE 
analysis can explore the constitutive behaviour of the tissue into the post-yield realm. 
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Chapter 6: Development of a Finite Element 
Model of Bone Nanoindentation 
This chapter presents the development of the Finite Element (FE) models used 
to investigate the constitutive material properties of trabecular bone tissue 
undergoing nanoindentation testing in preparation for the analysis of the next 
chapter. After introducing the principles of Finite Element Analysis (FEA) and the 
software selected for this purpose, the chapter defines the problem to be modelled 
and states the modelling procedure used. The model definition addresses the model‟s 
geometry, meshing, material properties, boundary conditions, loading and contact 
behaviour. Key modelling assumptions are evaluated and approaches to minimise 
computational expense are discussed. Post-processing procedures including 
evaluation of the load-displacement response, plastic deformation and residual indent 
shape, and pile-up characterisation are explained.  
6.1 THE FINITE ELEMENT METHOD 
Often considered the founder of the modern FE Method, Olgierd Zienkiewicz, 
and his colleagues (2005, p.2) described the FE Method as a general discretization 
procedure of continuum problems posed by mathematically defined statements. The 
FE Method is an engineering technique used to break down complex continuum 
problems into elements connected by nodes, as shown in Figure 6-1.  
 
Figure 6-1: Typical first-order finite elements for 2D and 3D analyses. 
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Each element is governed by a set of parameters and solved numerically for a 
desired response. The combination of each elemental response over the whole 
assembly solves the required problem. In the case of stress analysis the governing 
equation to describe the forces induced by displacements at the nodes of a given 
element e,   , is: 
 
  
 
  
 
 
  
 
  
 
 
 
 
   
    
     
 
   
   
  
   
      
  
 
 
 
 
  
 
  
 
 
  
 
   
  
 
  
 
 
  
 
  
           
Equation 6-1: Equation describing forces acting on an element. 
Where m are the degrees of freedom at each node of element e,    is the 
stiffness matrix of the element,    is the matrix of nodal displacements of the 
element and    gives the nodal forces required to achieve equilibrium of forces 
acting on the element. These elemental data are combined using the global equation: 
       
Equation 6-2: Global equation combining all element forces and displacements. 
Where   is the global stiffness matrix,   summarises all nodal displacements, 
and   includes all nodal forces required for equilibrium.  
The implementation of the FE method involves the development of geometry 
of individual model parts, discretized into a mesh of elements, and an assembly 
combining them together. The interactions between the parts, material properties, 
boundary conditions and loads are also defined.  
The material properties, and thus the constitutive equations that govern the 
element‟s response to applied load, can now be included in Equation 6-2 in the 
stiffness matrix, as per the constitutive modelling theory presented in Section 2.4.  
6.2 FINITE ELEMENT ANALYSIS SOFTWARE ABAQUS 
A variety of commercial packages are available to perform FEA, such as 
ABAQUS software (Dassault Systèmes Simulia Corp.) and ANSYS simulation 
technology (ANSYS, Inc.). Freely available FEA programs for specific applications 
are also available, such as FEBio, which is a software tool from the University of 
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Utah designed specifically to solve non-linear large deformation problems typical in 
solid biomechanics. Unfortunately this software does not currently have the 
capability to model plasticity and was therefore unsuitable for this study. 
ABAQUS features a wide variety of material plasticity models, including 
modified and extended Drucker-Prager yield criteria options, and excels at solutions 
requiring large deformation theory. This software is well-established in plasticity 
analysis and in bone nanoindentation, and commonly appears in the literature for 
these purposes (Chevalier et al., 2007; Mullins et al., 2009; Adam & Swain, 2011; 
Carnelli et al., 2011; Paietta et al., 2011). ABAQUS software was also chosen for 
this project due to its availability at QUT and expertise within the candidate‟s 
research group. 
6.2.1 Computational Resources 
All FE simulations were performed using ABAQUS/Standard software, 
version 6.9-1 (Dassault Simulia Inc., RI, USA). They were solved using the High 
Performance Computing (HPC) facilities at the Queensland University of 
Technology, Brisbane. The HPC platform includes a Silicon Graphics International 
(SGI) Altix XE Computational Cluster:  
 608 × 64 bit Intel Xeon Cores:  
o 120 × E5345@2.33 GHz 64 bit Intel Xeon processor cores  
o 80 × E5462@2.80 GHz 64 bit Intel Xeon processor cores  
o 408 × X5650@2.66 GHz 64 bit Intel Xeon processor cores (6 core 
processors)  
 58 compute nodes of quad/six core, dual processor configuration (8 or 12 
cores per node)  
 1728 GB of main memory (24×16 GB, 12×24 GB, 20×48 GB, 1×96 GB)  
 Infini-Band interconnect between nodes and to the file servers for fast I/O  
 SUSE Linux Operating System 
6.3 PROBLEM DESCRIPTION 
The bone nanoindentation problem to be modelled in this thesis involves the 
vertical displacement of a three-sided pyramidal Berkovich diamond tip into the 
 166 Chapter 6: Development of a Finite Element Model of Bone Nanoindentation 
carefully prepared surface of the embedded bone tissue as depicted in Figure 6-2A. 
The specifications of the Berkovich tip used for high load nanoindentation are given 
in Section 3.3. The depth of indentation is large enough to result in a triangular 
impression in the bone after testing, but not so deep as to reach the horizontal edges 
of the Berkovich tip.  
 
Figure 6-2: A. Close-up schematic diagram of nanoindentation in 3D (not to scale). B. The six-fold 
symmetry of the residual indent. 
Figure 6-2B shows the six-fold symmetry of the Berkovich indenter, for which 
a one-sixth model is sufficient to fully capture the 3D response to loading. In 
addition to capturing the geometry, the model should consider friction between the 
indenter and bone surface.  
The nature of the problem is that of a highly nonlinear stress analysis. There 
are three sources of nonlinearity in the problem: material, geometric and boundary. 
The investigation of the nonlinear material behaviour forms the primary goal of the 
analysis. Geometric nonlinearity is introduced by the large displacements involved in 
the nanoindentation loading case relative to the dimensions of the indenter, 
preventing the use of small-displacement theory. The contact between the indenter 
and bone surface introduces a third source of nonlinearity.  
As mentioned in the Introduction (Section 1.2), the scope of this thesis 
excludes the modelling of the time-dependent behaviour of trabecular bone tissue 
and thus, time-dependent effects are excluded from the model. 
6.4 MODEL DEFINITION 
The model is defined by the description of the part geometries, mesh 
properties, material properties, boundary conditions, contact between parts and the 
loading steps.  
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6.4.1 Model Geometry 
The model geometry consists of two parts: the Berkovich indenter tip and the 
bone block. Idealised geometries were generated for both parts: the former as a rigid 
body analytical surface and the latter as a deformable solid. 
Indenter 
A standard Berkovich indenter was used in all experimental work and 
subsequently in the model. The Berkovich tip is a three-sided pyramid with sides that 
converge to a radius of curvature of 150 nm at the tip with a half angle
7
 of 65.35°, as 
per the manufacturer‟s specifications (Hysitron Inc., MN, USA). Given the six-fold 
symmetry in the 3D model, an inclined analytical surface with a rounded tip for 
contact with the bone surface was used to represent one face of the Berkovich 
indenter (Figure 6-3). The rigid body analytical surface was controlled by a reference 
point.  
 
Figure 6-3: Indenter geometry for the 3D FE model. The inset shows a cross-section of the indenter 
using the true Berkovich half angle of 65.35° (not to scale). 
The indenter was assumed to be rigid. The Berkovich tip is made of diamond, 
which is a far stiffer and harder material compared with bone tissue (Ediamond ≈ 
1080 GPa, Ebone ≈ 10–22 GPa) (Nazare & Neves, 2001; Bartel et al., 2006, p. 82). 
Therefore, deformation of the tip would not be expected to occur during 
nanoindentation. Furthermore, this is a widely accepted approach in FE analysis of 
bone nanoindentation (Mullins et al., 2009; Carnelli et al., 2010, 2011; Adam & 
Swain, 2011).  
                                               
 
7 The half angle describes the angle between the central axis of the indenter and the surface of the 
pyramid face that contacts the indented material. 
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Bone Sample 
Using the symmetry considerations previously explained, one sixth of a 
cylindrical block cut as a wedge out from the central axis was used to model the bone 
sample. Shown in Figure 6-4, the block was formed from a cylinder with equal 
height and radius of 200 µm. This dimension was chosen as it is approximately one 
hundred times a typical indentation depth. The influence of this domain size on the 
model output was checked in a sensitivity analysis discussed in Section 6.7 of this 
chapter.  
 
Figure 6-4: A. Bone block with partitioning for mesh generation. B. Close-up of mesh refinement at 
point of tip contact. Characteristic element size at the tip is 0.1 × 0.1 × 0.01 µm. 
The surfaces of the bone block were assumed to be perfectly smooth and flat. 
Surface roughness measurements provided in the experimental methods (Section 3.3) 
prove that actual bone surfaces were not perfectly flat. Under high load 
nanoindentation testing conditions, indent depths were typically at least ten times the 
mean surface roughness measurement (≈ 200 nm). While the surface roughness at the 
indent site will influence the residual indent shape under experimental conditions, 
clearly seen by AFM, it would be difficult to capture this in an FE model. Based on 
the magnitude of loading, it is reasonable to assume a perfectly flat indentation 
surface. In addition, this assumption is common practice when modelling the 
nanoindentation of bone tissue (Mullins et al., 2009; Carnelli et al., 2010, 2011; 
Adam & Swain, 2011; Paietta et al., 2011).  
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6.4.2 Mesh Generation 
No meshing is required for an analytical rigid surface as used to model the 
indenter, thus mesh generation was only performed for the bone sample. It involved 
the selection of an appropriate element type and mesh refinement for the 
concentrated high magnitude loads involved in nanoindentation.  
Element Selection 
A structured mesh of solid continuum hexahedral (brick) elements was 
generated. To reduce the complexity of the mesh, a single element type was 
maintained throughout the entire part. Linear (first-order) 8-node reduced-integration 
C3D8R elements were selected. This element choice was guided by ABAQUS 
element selection recommendations (Section 23: Elements, ABAQUS Analysis 
User‟s Manual, Version 6.9), as follows: 
 The alternative 3D tetrahedral elements can have excessive stiffness in 
stress analyses and result in slow mesh convergence. Solid continuum 
hexahedral elements of the first order avoid the problem of mesh locking 
due to the numerical calculation of non-existent shear strains.  
 First-order elements are more appropriate for conditions involving contact 
and severe element distortion.  
The model was attempted with full integration and quadratic elements, 
however, as expected from this advice, both posed problems in attempting a solution 
and were not pursued further.  
A disadvantage of first-order reduced-integration elements is their known 
susceptibility to the numerical problem of hourglassing. This phenomenon causes 
uncontrollable mesh distortion when elements distort such that the calculation of 
strains at the element‟s integration points results in zero values (Section 23.1.4 
Section Controls, ABAQUS Analysis User‟s Manual, Version 6.9). While ABAQUS 
features an hourglass control option to reduce such effects, a sufficiently fine mesh 
density in areas of high stress concentration was used to reduce the effects of this 
problem.   
Mesh Density 
A part‟s mesh density should reflect its loading and boundary conditions, and 
aim to avoid sharp gradients where stress and strain fields change rapidly. Mesh 
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refinement also improves the performance of FEA by reducing the number of 
elements, and thus computations, in regions where many elements are unnecessary, 
such as far away from the point of load application.  
In the nanoindentation problem, refinement of the mesh was performed at the 
region of tip contact with the bone sample due to high stresses and sharp contact 
conditions, and in the region of pile-up. The mesh refinement was achieved by first 
partitioning the bone block in the upper corner towards the central axis, as depicted 
in Figure 6-4A. The partition was created on a vertical face of the block and swept 
through to the opposing face.  
The pile-up region mesh refinement was necessary to allow sufficient mesh 
density for realistic representation of the pile-up predicted by a simulation and which 
can be directly compared with experimental results. Hexahedral elements, while 
being the preferential choice for the solution requirements, were required in greater 
number to adequately describe the curved surface. This region of the mesh was 
iteratively improved as modelling progressed.  
6.4.3 Material Properties 
The primary focus for FEA in this thesis was on exploring the ability of several 
existing elasto-plastic constitutive models to adequately represent the behaviour of 
trabecular bone tissue. For the purpose of developing the FE model of bone 
nanoindentation, one basic material model was used for all preliminary simulations. 
This took the form of a previously published material model for bone 
nanoindentation by Mullins et al. (2009).  
The characteristics of the model are as follows: 
 Isotropic linear elastic behaviour  
 Elastic modulus, E = 13.56 GPa 
 Poisson‟s ratio, ν = 0.3.  
 Classic metal plasticity using the von Mises yield surface  
 Effective yield stress σy = 301 MPa. 
 Elastic-perfectly plastic material, i.e. no hardening 
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As discussed in Section 2.4.3 of the Literature Review, the von Mises yield 
criterion with perfect plasticity does not accurately predict the post-yield behaviour 
of bone tissue, with aspects that deviate from experimental observations. However, it 
is relatively straightforward to implement and has been used in FE studies of bone 
mechanics (see Section 2.4.3). It provides an initial (though flawed) starting point 
from which to proceed with constitutive material models in the next chapter.  
The effects of temperature on material behaviour were not considered. The 
indenter was modelled as a rigid body and thus required no material property 
definition.  
6.4.4 Boundary Conditions and Loading 
The boundary conditions used in the FE model are shown in Figure 6-5.  
 
Figure 6-5: FE model boundary conditions showing the global Cartesian co-ordinate system (X, Y, Z) 
and the bone block cylindrical co-ordinates (R, θ, Z). 
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Bone Block 
The two vertical faces of the bone block were constrained from rotation around 
the central axis of the model, i.e. motion perpendicular to the radius of the cylinder. 
The faces of the bone block are not spaced by a multiple of 90°, but rather at an angle 
of 60° from one another. Due to the inability of both faces to align with a plane of the 
global Cartesian co-ordinate system (either X-Y plane or Z-Y plane) at one time, this 
boundary condition posed a challenge. It was achieved by generating a local 
cylindrical co-ordinate system for the bone block (R, θ, Z) as shown in Figure 6-5. 
Using this co-ordinate system, each vertical face required the degree of freedom in 
the θ-direction to be set to zero. The alignment of one face along the X-Y plane 
allowed confirmation that the applied boundary conditions were transformed 
correctly to the global co-ordinate system.  
It was also necessary to constrain the central axis of the bone block in all 
directions except the Y-direction (vertical). A requirement of the ABAQUS software 
when using a local co-ordinate system to specify boundary conditions is that only 
one co-ordinate system is permitted for each part. The ABAQUS software transforms 
all local co-ordinate systems to global Cartesian co-ordinates during computation of 
the solution. Due to this transformation process, nodes that lie along the axis of a 
cylindrical co-ordinate system are considered ill-defined and thus the specification of 
boundary conditions becomes problematic. To overcome this, a cylinder with radius 
0.01 nm along the central axis was removed from the part, as shown in Figure 6-6.  
 
Figure 6-6: A. Cylindrical void around the bone block axis of symmetry to enable boundary condition 
description using cylindrical co-ordinate system.  
B. Close-up view in the global X-Z plane (not to scale). 
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In this way, no nodes of the block were co-located with the vertical z-axis of 
the bone block‟s cylindrical co-ordinate system and were thus able to be defined for 
boundary condition specification. The curved face parallel to the axis was confined 
in all but the vertical z-axis of its local co-ordinate system. The effects of this 
approach and central void of material are examined in Section 6.7 of this chapter.  
And finally, all degrees of freedom of the base of the bone block were 
constrained using the local cylindrical co-ordinate system.  
Indenter 
Being a separate part from the bone block, boundary conditions for the indenter 
were permitted to be specified using the global co-ordinate system. All degrees of 
freedom were constrained except for the global Y-direction, as this was used to apply 
the load.  
Loading  
Loading was applied in the FE model by the downward (negative global Y-
direction) displacement of the indenter into the bone block. To assist in obtaining 
convergence, simulations were controlled by displacement of the indenter rather than 
force in the FE model. The scope of the model excluded time-dependent behaviour. 
Therefore, no holding period was used, nor rest period between indents of the 
incremental loading.  
In the single load nanoindentation experiments, the indenter was loaded into 
the bone and then removed in two steps. The simulation of the incremental load 
experiments involved ten steps: five pairs of the load-unload cycle with the indenter 
returned to its initial zero-displacement position between each loading event.  
6.4.5 Indenter-Bone Interaction  
The interaction between the indenter and bone surface involved the definition 
of contact properties. The lower surface of the rigid body indenter was defined as the 
impenetrable master surface and the top of the bone block was defined as the slave 
surface. Motion between the two surfaces was controlled by the movement of the 
rigid body reference node of the indenter. Normal behaviour between the two 
surfaces was defined by hard contact.   
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Friction (Tangential Behaviour) 
Although often neglected in FE studies, friction has been shown to be a 
potentially important consideration when modelling the nanoindentation of bone 
(Adam & Swain, 2011). It is particularly relevant in the calibration of elasto-plastic 
constitutive material models and with respect to the study of pile-up. Following 
Adam and Swain (2011), friction was included in all simulations by way of a penalty 
algorithm in the interaction property. By this method, the coefficient of friction 
between the indenter and bone was varied between 0.0 and 0.3.  
As there is currently no reported measurement of the frictional coefficient 
between the indenter material and bone tissue, a range of reasonable values would be 
necessary for the investigation. The influence of friction on the nanoindentation 
model results, with specific reference to pile-up formation, is discussed in Chapter 7. 
6.5 EQUIVALENT AXISYMMETRIC MODEL 
Using a 3D FE model in the simulation of a nanoindentation experiment is a 
computationally demanding process. Thus, it is preferable to use simplified idealised 
modelling methods, where possible. Nanoindentation using the Berkovich indenter 
can be modelled using an idealised 2D axisymmetric equivalent model (Lichinchi et 
al., 1998; Pelegri & Huang, 2008; Shi, Z. et al., 2010). Aside from the dramatic 
reduction in the number of elements (more than quartered), this is particularly 
relevant in this study where the constitutive material properties increase in 
complexity and thus also the computational resources required to achieve an FE 
model solution. Following Lichinchi et al. (1998), the equivalent axisymmetric 
model used in place of the Berkovich tip was an equivalent conical indenter with a 
half angle
8
 of 70.3°.  
6.5.1 Model Definition 
The 2D equivalent model consisted of linear (first-order) 4-node reduced-
integration axisymmetric elements (ABAQUS CAX4R). The mesh was refined at the 
point of indenter contact in a similar way to the 3D FE model (Figure 6-7A). The 
most significant difference between the 3D and equivalent 2D axisymmetric models 
was the shape of the indenter, highlighted in Figure 6-7B. 
                                               
 
8
 The half angle describes the angle between the central axis and the curved surface of the cone.  
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Figure 6-7: A. Geometry, meshing and boundary conditions of the idealised axisymmetric model. B. 
Comparison of the 3D Berkovich tip angle and the idealised equivalent cone angle (not to scale). 
6.5.2 Interactions, Boundary Conditions and Loading 
The interaction and friction properties between the indenter and bone were 
assigned as per the 3D FE model. The boundary conditions constrained all degrees of 
freedom along the bottom edge and all but the vertical Y-direction of the axis of 
symmetry (Figure 6-7A). As with the 3D FE model, loading was applied by the 
downward displacement of the indenter.  
6.6 POST-PROCESSING PROCEDURES 
The goals of post-processing were firstly, to compare the FE model output with 
experimental data for calibration, and secondly, to evaluate the plastic behaviour 
predicted by each constitutive material model. For these purposes the following 
output was used: the load-displacement response and derived parameters, the residual 
shape of deformation, plastic strain energy, and the hydrostatic and deviatoric stress 
states.  
6.6.1 Load-Displacement Response 
The predicted load-displacement behaviour was extracted from the FE model 
by the reaction force of the rigid body reference node of the indenter. Figure 6-8 
shows a preliminary FE model load-displacement prediction using the parameters 
from Mullins et al. (2009): von Mises yield criterion, E = 13.56 GPa, ν = 0.3, 
σy = 301 MPa with perfect plasticity. 
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Figure 6-8: A load-displacement curve to replicate a 30 mN predicted by an early FE model using von 
Mises yield parameters from Mullins et al. (2009) 
The load-displacement prediction could not be compared directly with the 
experimental response due to the exclusion of holding periods. Therefore, the loading 
and unloading curves were used separately for comparison with and evaluation of the 
FE model.  
To evaluate how well predicted loading curves match those of experimental 
observation, the root mean squared deviation (RMSD) was calculated: 
      
         
 
 
Equation 6-3: Root mean squared deviation for evaluating loading curve fit.  
Where s is the deviation of the model from the experimental data and n is the 
number of points considered in the comparison. This measure was considered for the 
loading curve only, taking model and experimental loads at intervals of 0.1 µm 
indenter depth. 
From the predicted load-displacement response, derived curve parameters such 
as the energy expenditure index, specific energies and indent depths at key points in 
a nanoindentation experiment could be evaluated and compared with the 
experimentally observed behaviour. 
6.6.2 Residual Deformation and Pile-up  
Pile-up is the positive displacement of material surrounding the residual indent 
created by nanoindentation (see Section 3.3 for details). There are several ways to 
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characterise the pile-up generated in a nanoindentation experiment and a 
corresponding FE model. These methods include the maximum displacement of any 
node in the global Y-direction, a line profile across the pile-up region and a contour 
plot of the area, particularly as viewed from above. All variables were considered at 
the end of the final step of each analysis, after load removal.  
The simplest way of describing the pile-up is using a ratio of the maximum 
pile-up height (global Y-direction) to final indent depth (Fischer-Cripps, 2011, p.80). 
Due to the 3D nature of the pile-up, it may also be helpful to indicate the location of 
this scalar value to see how it may vary between models. While being a quickly 
attainable indication of pile-up for a model, it does not provide much valuable 
information about the material deformation. Using a single maximum value to assess 
pile-up is also highly susceptible to errors associated with mesh density and would be 
difficult to obtain from experimental data. It would be most useful as a quick 
comparison between FE models using the same mesh, boundary conditions and 
interactions but different material properties.  
A more complete method of pile-up characterisation, particularly for the 
purpose of comparing with experimental data, is a line profile across the residual 
indent. It gives a cross-section of the shape formed by the mid-face of the Berkovich 
indenter. Each line profile can be compared against the other, to see the residual 
shape and pile-up predicted by different model parameters, and with experimental 
deformation data. The line profile is extracted from the FE model using the nodal 
displacements in the global Y-direction (U2) of a path of nodes along the edges of 
the top surface in the vicinity of the indent. Due to the symmetry implied in the FE 
model, a line profile along the top edge of the bone wedge is the same as a straight 
line profile through the residual indent in experimental AFM data. The nodal 
displacements can be taken at any point in the solution, but the end of the load stage 
and the final height after unloading are most relevant. Figure 6-9 shows an example 
of such data from an early FE model using the parameters from Mullins et al. (2009): 
von Mises yield criterion, E = 13.56 GPa, ν = 0.3, σy = 301 MPa with perfect 
plasticity. 
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Figure 6-9: Line profiles of the residual indent shape, including pile-up, predicted by a preliminary FE 
model using von Mises yield parameters from Mullins et al. (2009) 
The third way of characterising pile-up in a 3D FE model is to create an area 
contour map of positive deformation in the global Y-direction as shown in Figure 
6-10. This can be compared with the AFM-generated topographic map.  
 
Figure 6-10: Contours showing pile-up prediction in a 3D FE model using positive displacement in 
the Y-direction (U2). Grey indicates the residual indent. Units: µm. 
Combining the line profile and areal contours provides a complete and 
experimentally comparable characterisation of nanoindentation pile-up. All of the 
pile-up variables would be likely to be sensitive to the size of the hexahedral 
elements that line the final curve of material positive displacement.  
6.7 EFFECTS OF MODEL ASSUMPTIONS 
The effects of several assumptions used in the FE model are addressed in this 
section. Idealisations of the modelling problem included indenter geometry and 
material properties. The equivalent axisymmetric simplification is examined as well 
as the impact of excluding time-dependent behaviour. A mesh sensitivity analysis is 
presented in terms of the bone block domain, size and number of elements.  
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6.7.1 Indenter Tip Radius 
The curvature of the tip radius under high-load conditions was specified as 
150-200 nm. In order to assess the effects of this radius on the FE model prediction, 
two simulations were performed at 150 nm and 200 nm. No difference was observed 
in the predicted load-displacement curve (Figure 6-11), nor was there any influence 
of such a tip radius change on the pile-up prediction (Figure 6-12). A tip radius of 
100 nm was attempted, but the model proved difficult to converge. Consequently, the 
150 nm tip was considered suitable for all FE simulations.  
 
Figure 6-11: The influence of indenter tip radius on the predicted load response for a 2.55 µm indent 
depth. 
 
Figure 6-12: A close-up of the residual indent shape and pile-up predicted by indenter modelled with a 
tip radius of 150 nm and 200 nm. 
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6.7.2 Domain Size  
A series of models were generated by varying the cylinder height of the 3D FE 
model: 150 µm, 200 µm and 300 µm. This had no appreciable impact on the 
predicted load response curve, as shown in Figure 6-13.  Predicted maximum stresses 
and displacements varied by less than 0.5% across models of the three domain sizes.  
 
Figure 6-13: Effect of cylinder height on the load-displacement prediction of the 3D FE model. 
 
6.7.3 Boundary Conditions 
While the symmetry of the problem reduced the computational effort required 
to obtain a full 3D solution, the nature of the symmetry in not aligning with 3D 
Cartesian planes, created a challenge in the development of accurate boundary 
conditions, as described in Section 6.4.4. An alternative set of boundary conditions 
were prepared using a frictionless rigid analytical surface aligned along one vertical 
bone block face. Matching simulations were performed using the cylindrical co-
ordinate system boundary condition approach described in Section 6.4.4 with the 
alternative approach. The choice of boundary system did not influence the measured 
response, as shown by the load-displacement response in Figure 6-14.  
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Figure 6-14: Effect of boundary condition method on predicted load-displacement response. 
Elemental response directly along the axis would be influenced by the small 
cylindrical hole about the axis (see Section 6.4.4), but such output was not important 
for the study purposes. The comparison of the 3D FE model with the equivalent 2D 
axisymmetric counterpart also supports the appropriateness of the boundary 
condition approach used in the one sixth 3D FE model. 
 
6.7.4 Axisymmetric versus 3D FE Modelling 
Consistent with the findings of Lichinchi et al. (1998), the idealised 
axisymmetric 2D FE model predicted a matching load-displacement response when 
compared with the 3D FE model (Figure 6-15). The simplification does not allow for 
an accurate 3D distribution of stresses, strains and deformations formed by the true 
Berkovich tip, particularly in terms of the formation of pile-up. However, given the 
complexity of the constitutive material models to be examined may demand the 
reduced computational activity required by the equivalent axisymmetric 2D model.  
The almost identical predicted load-displacement response of the 3D and 
idealised 2D FE models also supports the use of the boundary condition definition 
using a cylindrical co-ordinate system with a small cylindrical hole around the axis. 
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Figure 6-15: Comparison of the predicted load-displacement response from the 3D FE model and the 
equivalent 2D axisymmetric FE model. 
 
6.8 CHAPTER SUMMARY 
A one-sixth 3D FE model of the bone nanoindentation problem (due to six-fold 
symmetry of the indenter) and an equivalent 2D axisymmetric FE model were 
developed in this chapter. Model geometry, contact, loads and boundary conditions 
were defined, as well as a set of initial basic material properties (based on Mullins et 
al., 2009). Important assumptions in the model have been addressed, including 
idealisations of the nanoindentation problem, part geometries, and the equivalent 
axisymmetric approach for complex constitutive material models. These FE models 
are used in the next chapter to investigate and calibrate constitutive material models 
featuring the von Mises and Drucker-Prager yield criteria to the experimentally 
measured mechanical response of trabecular bone tissue. 
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Chapter 7: Evaluation of the Elastic-Plastic 
Constitutive Behaviour of 
Trabecular Bone Tissue 
This chapter presents the investigation and evaluation of elastic-plastic 
constitutive material models to capture the post-yield behaviour of trabecular bone 
tissue under nanoindentation loading. As discussed in Section 2.4, a constitutive 
material model for plasticity consists of a yield function, flow rule and hardening 
law. Following the development of the basic FE model in Chapter 6, initially using a 
von Mises yield criterion following Mullins et al. (2009), the FE model is now 
explored with respect to the high load and incremental nanoindentation experiments 
performed on trabecular bone in this study. The model is extended to include strain 
hardening, considering both the isotropic and kinematic forms. Finally, a Drucker-
Prager yield criterion that includes pressure-dependent yield is evaluated with respect 
to the experimental data. Isotropic linear elasticity is used in all cases. The material 
model excludes any time dependent behaviour (viscoelasticity) and is distinct from 
the damage models which involve the deterioration of the material‟s elastic modulus 
as a result of its loading history.  
Accordingly, the constitutive modelling of this chapter is separated into three 
candidate plasticity models for trabecular bone tissue: 
1. von Mises yield criterion with perfect plasticity 
2. von Mises yield criterion with plastic strain hardening 
3. Extended Drucker-Prager yield criterion  
The FE model developed in Chapter 6 is used to implement plastic constitutive 
modelling. Firstly, the sensitivity of the FE model to elastic properties and indenter-
bone friction is assessed using the basic elastic-perfectly plastic material model 
defined in Section 6.4.3. Then the chapter addresses the plastic behaviour, 
considering the yield surface and strain hardening, with respect to the experimental 
data.  
 184 Chapter 7: Evaluation of the Elastic-Plastic Constitutive Behaviour of Trabecular Bone Tissue 
A „good‟ candidate constitutive model is considered to be one that matches the 
loading and unloading curves of the experimental load-displacement response well. 
The residual indent depth is compared with experimental findings, as are the 
proportions of elastic and plastic deformation for both the single indent and at the 
end of each increment of the incremental loading experiment. According to the 
experimental observations, no pile-up should be predicted by the model for all load 
cases. 
Representative experimental curves were selected from bone tissue from the 
86-year-old donor. The experimental data from a single indent load of 30 mN (Figure 
7-1) and an incremental loading range of 10-30 mN (Figure 7-2) were chosen for 
their clear curves, representative of the general behaviour observed, taken from a 
single sample not subjected to µCT radiation. The magnitudes of load in these 
experiments provide good examples of high load nanoindentation in bone tissue, 
while not requiring too much computational time to obtain a solution during FE 
analysis. The local bone mineral content for the single and incremental experiments 
examined were approximately 23.0 and 21.6 wt.% Ca, respectively. These values fall 
well within the normative reference bone mineral density distribution for adult 
human trabecular bone (17.68–25.30 wt.% Ca) reported by Roschger et al. (2008), 
and are close to the mean mineral content measured for all regions tested using high 
load nanoindentation (22.8 ± 3.4 wt.% Ca).  
Due to the exclusion of time-dependent behaviour in the constitutive material 
modelling, the change in depth during the holding period was removed from the 
experimental response for the purpose of comparing with the FE model prediction 
(Figure 7-1). The unloading curve was shifted to the left by the value of the change 
in depth during the holding period to meet the end of the loading curve. Additionally, 
changes in depth during the resting periods between load increments during the 
incremental load experiments were removed (shifted to the right) in the same fashion 
(Figure 7-2). This process was additive, starting at the initial loading curve and 
ending with the final unload. It is interesting to note that in the particular incremental 
loading case chosen for constitutive modelling, shown in Figure 7-2, the change in 
depth during the holding period at each incremental peak load was compensated by 
the change in depth during the subsequent resting period between increments such 
that the loading curves of the adjusted data closely follow those of the original data.  
 Chapter 7: Evaluation of the Elastic-Plastic Constitutive Behaviour of Trabecular Bone Tissue 185 
 
Figure 7-1: Typical single indent experimental load-displacement curve: 30 mN indentation 
performed at 1 mN·s-1 in bone tissue from the 86-year-old donor, plotted with the hold time removed 
for FE model evaluation.  
 
Figure 7-2: Typical incremental experimental load-displacement curve: 10-30 mN incremental test in 
bone tissue from the 86-year-old donor (loading rate: 30 mN·s-1), adapted for FE model evaluation by 
the removal of indenter depth change during holding and resting periods. 
7.1 SENSITIVITY TO ELASTIC MATERIAL PROPERTIES & FRICTION 
The implementation of a plasticity model first requires the definition of elastic 
properties. In the case of isotropic linear elasticity, only two properties (elastic 
modulus, E, and Poisson‟s ratio, ν) must be specified. Prior to exploring the effect of 
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plastic parameters on the predicted nanoindentation response, the effect of E, ν, and 
the indenter-bone friction coefficient is reported using the simplest possible elastic-
plastic model (von Mises perfectly plastic with isotropic linear elasticity). Each 
parameter was varied with respect to the base model described in Section 6.4.3.  
7.1.1 Elastic Modulus 
For the application of most plasticity relationships in ABAQUS, an assumption 
of linear elasticity is required. The isotropic linear elasticity used in this study was 
defined by a single elastic modulus. To investigate the sensitivity of the FE model 
predictions to changes in elastic modulus, the modulus was varied between 
13.56 GPa (following Mullins et al., 2009) and 25 GPa (the upper range of reported 
experimental observations) in the simulation of a 1.6 µm indent. The load-
displacement responses for the various elastic moduli are given in Figure 7-3.  
 
Figure 7-3: Effect of elastic modulus, E, on the predicted load-displacement response for simulations 
to a maximum indent depth of 1.6 µm using a von Mises yield criterion with perfect plasticity (σy = 
301 MPa, ν = 0.3). 
 
As expected when considering the work of Oliver & Pharr (1992), a 
consequence of an increase of the elastic modulus was a steeper unloading curve, 
along with a higher maximum load predicted for the given indenter displacement. It 
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also resulted in a difference of the indent depth at zero-load, which is examined 
further in Figure 7-4. 
The increase in elastic modulus corresponded with a decrease in the 
recoverable elastic portion of the maximum indent depth. Decomposition of the 
maximum indent depth into elastic and plastic components was evaluated for 
simulations using each of the five elastic moduli. The resulting values are presented 
in Figure 7-4. 
 
Figure 7-4: Influence of elastic modulus, E, on the decomposition of maximum indent depth into 
elastic and plastic components when using von Mises yield criterion with perfect plasticity (σy = 301 
MPa, ν = 0.3).  
 
The residual indent shape predicted by the 3D FE model with varying elastic 
modulus is depicted by means of line profiles across the indent at maximum load and 
after indenter removal in Figure 7-5. While maintaining constant all other variables 
of the base material model, an increase in elastic modulus resulted in an increase in 
the amount of pile-up predicted by the FE model. An increase in elastic modulus 
from 13.56 GPa to 25 GPa led to the prediction of twice the maximum height of pile-
up (0.084 µm to 0.17 µm).  
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Figure 7-5: Comparison of residual indent shape predicted by the 3D FE model of a 1.6 µm indent 
between E of 13.56 GPa (top) and 25 GPa (bottom) using a von Mises yield criterion with perfect 
plasticity (σy = 301 MPa, ν = 0.3). 
 
7.1.2 Poisson’s Ratio 
Poisson‟s ratio (ν) is used in the FE model to describe the relationship between 
transverse and axial strain during elastic deformation:          , where E is the 
elastic modulus and G is the shear modulus. When using the assumption of 
homogeneous and isotropic elasticity, bone tissue is usually modelled using a 
Poisson‟s ratio of 0.3 (Fan et al., 2004; Tai et al., 2006; Verhulp et al., 2008; Mullins 
et al., 2009; Adam & Swain, 2011). An evaluation of the effect of Poisson‟s ratio, ν, 
was performed by comparing FE models of a 2.5 µm indent (~100 mN) using 
Poisson‟s ratios of 0.25, 0.3 and 0.35, while maintaining all other variables constant. 
The resulting load-displacement graphs are shown in Figure 7-6. 
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Figure 7-6: Effect of varying Poisson‟s ratio, ν, on predicted load-displacement response for a 
maximum indent depth of 2.5 µm (E = 13.56 GPa, σy = 301 MPa). 
  
The load-displacement response varied only as it approached peak load, 
resulting in the same residual indent depth at zero load following unloading and a 
very similar curve shape. The predicted peak load for an indent depth of 2.5 µm 
varied by 5.3 mN when the Poisson‟s ratio was increased from 0.25 to 0.35, as 
shown by the inset of Figure 7-6. This represents approximately 5% of the predicted 
peak load.  
The influence of Poisson‟s ratio extended also to the residual shape of the 
indent predicted by the FE model, as displayed in Figure 7-7. The maximum pile-up 
prediction varied by 0.03 µm from ν = 0.25 to ν = 0.35 when modelling a 100 mN 
nanoindentation experiment. This represents a variation of approximately 20% of the 
predicted maximum pile-up height, or less than 2% of the predicted indent depth. A 
lower Poisson‟s ratio corresponds with a slightly lower prediction of pile-up.  
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Figure 7-7: Effect of varying Poisson‟s ratio, ν, on the predicted residual indent shape, particularly 
with respect to pile-up (E = 13.56 GPa, σy = 301 MPa). 
7.1.3 Indenter-Bone Friction 
Following the recommendations of Adam and Swain (2011), the friction 
between the indenter and bone surface was evaluated by varying the coefficient of 
friction between 0.0 and 0.3. The effect of the frictional coefficient on the predicted 
load-displacement response for a 1.6 µm indent is shown in Figure 7-8. Little 
difference is apparent in the predicted load-displacement response (Figure 7-8), and 
consequently also in the decomposition of the indent depth into elastic and plastic 
components.  
However, as discussed by Adam and Swain (2011), a clear difference is 
observed in the indent shape at peak load and after indenter removal. Figure 7-9 
shows that low coefficients of friction between the indenter and bone surface result 
in the prediction of notable pile-up: the ratios of pile-up height to residual indent 
depth for the various frictional coefficients were 16% (µ=0.0), 9.3% (µ=0.1), 7.4% 
(µ=0.2) and 7.3% (µ=0.3). While the introduction of friction showed a marked 
difference in the indenter shape both during and after indentation, increasing the 
coefficient of friction had a diminishing effect on the indent shape.  
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Figure 7-8: Effect of friction between the indenter and bone surface on the predicted load-
displacement curve (E = 13.56 GPa, σy = 301 MPa, ν = 0.3) 
 
Figure 7-9: Effect of friction between the indenter and bone surface on the predicted indent shape at 
maximum load and after unloading for a 1.6 µm indent.  
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7.2 VON MISES YIELD CRITERION WITH PERFECT PLASTICITY 
7.2.1 Single Indent Loading 
Evaluating the effect of yield stress was the first important step in capturing the 
post-yield response. While maintaining all other variables constant, the yield stress 
was varied (100–500 MPa) to examine its role in the response of the material to 
nanoindentation loading, using a 1.6 µm indent depth.  
As expected with a constant elastic modulus, the shape of the unloading curve 
remained consistent throughout all simulations. However, the increase in yield stress 
corresponded with an increase in the slope of the loading curve and, thus, in the 
predicted maximum load. The effect of the steeper loading curve combined with the 
constant slope of the unloading curve can be seen in the elastic-plastic decomposition 
of the indent depth. In contrast to the effect of increasing elastic modulus, an increase 
in the yield stress corresponded with a decrease in the plastic component of the 
maximum indenter displacement, as depicted in Figure 7-10. Note that even at a 
yield stress of 500 MPa the proportion of plastic (residual) indent depth to maximum 
indent depth still exceeded that of experimental observation.  
 
 
Figure 7-10: Influence of yield stress on the decomposition of maximum indent depth into elastic and 
plastic components, using von Mises yield criterion with perfect plasticity (E = 13.56 GPa, ν = 0.3).   
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The influence of yield stress on the predicted pile-up height is shown in Figure 
7-11. Along with the decrease in the plastic component of indent depth, the predicted 
pile-up height reduced as the material yield stress was increased. A five-fold increase 
in the yield stress from 100 MPa to 500 MPa resulted in a 72% reduction in predicted 
pile-up height from 0.203 µm to 0.057 µm. However, as the curve appears to level 
out as the yield stress increases, the experimentally observed lack of pile-up cannot 
be predicted by the von Mises yield criterion with perfect plasticity. These results 
confirm a known problem with using von Mises plasticity to represent bone tissue: 
the incompressible nature of the associated flow rule produces unrealistic amounts of 
pile-up (see Section 2.4.3).  
 
 
Figure 7-11: Effect of yield stress on the pile-up height predicted by a 3D FE model using von Mises 
yield criterion with perfect plasticity (E = 13.56 GPa, ν = 0.3).  
 
To specifically address the experimental data given at the beginning of this 
chapter, an indenter displacement of 1.44 µm was used to model a single 30 mN 
indent. An elastic modulus of 14.1 GPa was applied, based on the mean modulus 
value derived from the standard load nanoindentation measurements on the same 
bone sample from the 86-year-old donor. Using the accepted Poisson‟s ratio of 
ν = 0.3 and a coefficient of friction between the bone and indenter of µ = 0.3, the 
resulting load-displacement curves for the yield stresses of 250, 275 and 300 MPa 
are shown in Figure 7-12.  
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Figure 7-12: Effect of yield stress on the predicted load-displacement response using von Mises yield 
criterion with perfect plasticity (E = 14.1 GPa, ν = 0.3). 
The evaluation of the three yield stresses presented in Figure 7-12 are 
summarised in Table 7-1. Using the Root Mean Square Deviation (RMSD
7
) as a 
measure of the ability of each model‟s loading curve to capture the experimental 
observation, σy = 300 MPa achieves a better fit. However, in doing so, it deviates 
further from the maximum predicted peak load of 30 mN for a 1.44 µm indent. Thus, 
σy = 275 MPa, E = 14.1 GPa and ν = 0.3 were considered the most appropriate 
material parameters for the von Mises yield criterion with perfect plasticity.  
Table 7-1: Evaluation of predicted load-displacement response and pile-up height. Exp. = experiment. 
σy 
(MPa) 
Deviation 
from Exp. 
Pmax (mN) 
Deviation 
from Exp. 
hfinal (µm) 
Loading 
Curve 
RMSD
9
 
Elastic 
Fraction 
Plastic 
Fraction 
Max. Pile-
up Height 
(µm) 
250  -0.8 0.364 3.13 0.212 0.788 0.110 
275 0.8 0.342 2.78 0.227 0.773 0.098 
300 2.2 0.313 2.50 0.247 0.753 0.088 
 
The predicted maximum indent depth for this single indent case 
(σy = 275 MPa) was composed of an elastic displacement of 0.327 µm (22.7%) and a 
plastic displacement of 1.113 µm (77.3%). The corresponding experimental values 
                                               
 
9
 RMSD: Root Mean Square Deviation. Refer to Section 6.6.1 
  
Chapter 7: Evaluation of the Elastic-Plastic Constitutive Behaviour of Trabecular Bone Tissue 195 
were an elastic displacement of 0.669 µm (46.4%) and a plastic displacement of 
0.771 µm (53.6%). The FE model prediction was excessively dominated by plastic 
deformation when compared with the experiment. This is further seen in the final 
indent depth, which was at least 0.3 µm higher than the experimental value for all 
reasonable yield stress levels to match the experimental curve. The predicted 
maximum pile-up height was 0.098 µm or 8.8% of the residual indent depth. This 
does not match the experimental observation of no measureable pile-up. 
7.2.2 Incremental Loading 
The incremental loading case provides additional data on the „elastic‟ 
(recoverable) versus „plastic‟ (residual) components of indent depth at intermediate 
steps during indentation and is therefore well-suited to assess candidate elastic-
plastic constitutive models.   
As described in Section 6.4.4, the FE model is loaded by displacement rather 
than a force boundary condition on the indenter. The indenter displacements to guide 
each step of the FE model, given in Table 7-2, were selected as the approximate 
experimental values at the end of the loading step of each increment.  
Table 7-2: Indenter displacements used to model the 10-30 mN incremental load experiment. 
Increment 1 2 3 4 5 
Displacement -0.66 µm -0.88 µm -1.05 µm -1.22 µm -1.40 µm 
 
The resulting FE model-predicted load-displacement curve using the von Mises 
yield criterion with perfect plasticity developed in Section 7.2.1 (E = 14.1 GPa, 
ν = 0.3, σy = 275 MPa) is shown in Figure 7-13, compared with the 10-30 mN 
incremental loading reference experiment in bone tissue from the 86-year-old donor. 
Like the single load case, the loading curve becomes closer to the experimental data 
as the load increases. The predicted loads for each increment 1 to 5 were 65%, 79%, 
82%, 90% and 98% of the experimental incremental loads, respectively. The slope of 
the upper unloading curve for each increment was well-captured by the FE model, 
but unloaded to zero load at a higher indenter displacement than experimentally 
observed (~1.3 times the experimental increment depth).  
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Figure 7-13: Incremental load-displacement curve as predicted by a von Mises yield criterion with 
perfect plasticity (E = 14.1 GPa, ν = 0.3, σy = 275 MPa) compared with an experimental observation 
of a 10-30 mN experiment.  
The ratios of elastic (recoverable) versus plastic (residual) depths during each 
increment are shown in Figure 7-14. Plastic deformation dominated the FE model 
prediction. Although the highest proportion of plastic depth occurred during the first 
increment in both the experimental and simulated cases, the von Mises yield criterion 
with perfect plasticity over-predicts this amount. The decreasing trend in plastic 
deformation during subsequent increments agrees with the experimental findings.  
 
Figure 7-14: Incremental elastic-plastic depth decomposition using von Mises yield criterion with 
perfect plasticity (E = 14.1 GPa, ν = 0.3, σy = 275 MPa). The red lines indicate the elastic-plastic 
transition in the 10-30 mN reference experiment.  
  
Chapter 7: Evaluation of the Elastic-Plastic Constitutive Behaviour of Trabecular Bone Tissue 197 
The residual indent shape predicted by the FE model using von Mises yield 
criterion with perfect plasticity is shown in Figure 7-15, emphasising positive 
displacement of material in the Y-direction. The predicted pile-up height of 
0.099 µm (9.2% of the residual indent depth) stands out as a failure of the 
constitutive material model to capture the experimentally observed lack of pile-up. 
 
Figure 7-15: Residual indent shape predicted by the von Mises yield function with perfect plasticity 
(E = 14.1 GPa, ν = 0.3, σy = 275 GPa). U2: vertical displacement, in µm, coloured for positive 
displacement only.  
 
Overall, the von Mises yield criterion with perfect plasticity can represent the 
load-displacement response during loading reasonably well; however a considerably 
high yield stress (275 MPa) is required for this. The trend of elastic-plastic 
decomposition of indent depth of intermediate increments is captured well, but is 
excessively dominated by plastic deformation. Most importantly, this plasticity 
model cannot predict the lack of pile-up. One method to suppress pile-up predicted 
by von Mises plasticity is to include strain hardening (Fan et al., 2004).  
7.3 VON MISES YIELD CRITERION WITH HARDENING 
The inclusion of a hardening rule was the first extension to the basic von Mises 
yield function. The two types of hardening examined were isotropic and linear 
kinematic hardening.  
7.3.1 Isotropic Hardening 
The addition of isotropic hardening to the von Mises yield function in 
ABAQUS requires a tabulation of the dependence of yield stress on plastic strain. 
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Following Fan et al. (2004), the isotropic strain hardening parameters used are given 
in Table 7-3.  
Table 7-3: Isotropic strain hardening parameters (Fan et al., 2004). 
Yield Stress 182 MPa 355 MPa 425 MPa 525 MPa 582 MPa 
Plastic Strain 0.0 0.052 0.082 0.137 0.153 
 
Using these hardening parameters and E = 22.2 GPa (as per Fan et al., 2004) 
and an indenter-bone frictional coefficient of 0.2, the predicted load-displacement 
curve is given in Figure 7-16. The subsequent predicted loading curve greatly 
exceeded the slope of the experimental observation as it approached its peak load, 
12 mN above the experimental maximum. The comparison of the load-displacement 
prediction with experimental data was improved by reducing the elastic modulus to 
the measured 14.1 GPa and reducing the hardening parameters to 80% of the stress 
levels given in Table 7-3. The result is a curve that closely matches that predicted by 
the von Mises yield criterion with perfect plasticity (Section 7.2). 
 
 
Figure 7-16: Load-displacement prediction using von Mises yield function with isotropic hardening. 
FE Model (Isotropic Hardening I): E = 22.2 GPa, ν = 0.3, hardening following Fan et al. (2004). FE 
Model (Isotropic Hardening II): E = 14.1 GPa, ν = 0.3, at 80% of hardening stresses from Fan et al. 
(2004). FE Model (Perfect Plasticity): E = 14.1 GPa, ν = 0.3, σy = 275 GPa. 
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The corresponding elastic-plastic decomposition of maximum indent depth was 
1.07 µm residual plastic deformation (74.6%) and 0.37 µm (25.4%) recoverable 
elastic deformation. Some slight pile-up (0.032 µm) was predicted when using 
isotropic hardening with the von Mises yield function to model high load 
nanoindentation in bone tissue, however this was reduced to approximately one third 
of the amount predicted using von Mises yield with perfect plasticity.  
When applying these isotropic hardening conditions to the incrementally-
loaded nanoindentation case, the predicted load-displacement response is shown in 
Figure 7-17. Again the predicted loading curve approached the experimental 
observation with increasing load. 
 
Figure 7-17: Predicted load-displacement response for 10-30 mN incremental loading using von Mises 
yield function (E = 14.1 GPa, ν = 0.3) with isotropic hardening. 
The predicted incremental depths are very similar to those found using the 
elastic-perfectly plastic von Mises yield criterion, with respect to the corresponding 
experimentally-observed load for each incremental displacement: 67%, 80%, 84%, 
91% and 99% for increments 1 to 5, respectively. Like the elastic-perfectly plastic 
relationship, isotropic hardening resulted in upper unloading curves that were well-
captured by the FE model. Unloading to zero load at the end of each increment 
occurred at similar depths to the elastic-perfectly plastic model with the addition of 
isotropic strain hardening, which is reflected in the elastic-plastic decomposition of 
each increment indent depth shown in Figure 7-18. 
 200 Chapter 7: Evaluation of the Elastic-Plastic Constitutive Behaviour of Trabecular Bone Tissue 
 
Figure 7-18: Elastic-plastic decomposition of incremental indent depth using von Mises criterion 
(E = 14.1 GPa, ν = 0.3) with isotropic hardening (80% stress levels of Table 7-4). Red lines indicate 
elastic-plastic transition in the reference experiment. 
 
Like the single indent case, the isotropic hardening suppressed the prediction of 
pile-up in the simulation of the 10-30 mN incremental loading case to approximately 
one third of the corresponding predicted pile-up height using the elastic-perfectly 
plastic material model. The residual indent shape is depicted in Figure 7-19. 
 
 
Figure 7-19: Predicted residual indent shape using von Mises yield function (E = 14.1 GPa, ν = 0.3) 
with isotropic hardening adapted from Fan et al. (2004). A maximum pile-up height of 0.034 µm was 
predicted. U2: vertical displacement, scale in µm, showing positive displacement only. 
 
In comparison with the von Mises yield criterion with perfect plasticity, the 
addition of hardening permitted a lower initial yield stress (146 MPa compared with 
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275 MPa) to predict a load-displacement curve similar to the typical experimental 
result in human trabecular bone tissue. Experimenting with the parameters of elastic 
modulus and initial yield stress resulted in a similar pattern on the predicted loading 
curve and elastic-plastic decomposition as when using the von Mises yield function 
with perfect plasticity: the elastic modulus governed the shape of the unloading curve 
and thereby influenced the maximum load and loading curve; and the initial yield 
stress shifted the maximum load and loading curve. The main difference between the 
two was the suppression of predicted pile-up. 
7.3.2 Kinematic Hardening 
Linear kinematic hardening is implemented in ABAQUS by specifying two 
yield stresses and their corresponding plastic strains, the first of which must be zero. 
The stress and plastic strain hardening parameters were selected to match the 
approximate slope of the isotropic hardening parameters in stress-strain space 
discussed in Section 7.3.1. Varying this slope had only a slight effect in changing the 
curve of the unloading and did not contribute to an improved comparison with the 
experimental data. Varying the initial yield stress had a greater effect on the 
predicted peak load and thus the shape of the load-displacement response.  
An initial yield stress of 182 MPa to match the isotropic hardening case Fan et 
al. (2004) was used, but this overestimated the peak load at 1.4 µm by 5 mN. 
Reducing the initial yield stress to 125 MPa brought the peak load prediction closer 
to the experimental value and thus also the shape of the loading curve (Figure 7-20). 
The final hardening values selected with the von Mises yield function are given in 
Table 7-4.  
 
Table 7-4: Kinematic strain hardening parameters 
Yield Stress 125 MPa 785 MPa 
Plastic Strain 0.0 0.2 
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Figure 7-20: Load-displacement predictions using von Mises yield function (E = 14.1 GPa, ν = 0.3) 
with linear kinematic hardening (as per Table 7-4) compared with perfect plasticity and experimental 
observation. 
 
Like the previous strain hardening approach, a loading curve almost identical 
to the elastic-perfectly plastic von Mises material model was achieved. Varying the 
initial yield stress, altered the maximum load predicted and the shape of the second 
half (upper portion) of the loading curve, but to a lesser extent than was seen in the 
two previous constitutive relationships examined. On first glance the load-
displacement response shows an unloading curve that appears to follow the pattern of 
the experimental observation more closely for the entire unloading than isotropic 
hardening or perfect plasticity. However, in contrast to the previous constitutive 
material behaviours, kinematic hardening leads to a far greater proportion of elastic 
deformation that is recovered on removal of the indenter (1.103 µm, 76.6%). The 
predicted plastic depth consisted of 0.337 µm (23.4%), which substantially exceeded 
the experimentally observed elastic recovery to 0.771 µm (53.6%). In addition to the 
dominant elastic deformation, Figure 7-21 shows the lack of pile-up predicted by this 
constitutive material model, which is consistent with experimental data. The residual 
indent shape does however suggest a slight sink-in of material at the limit of bone-
indenter contact, for which there was no evidence in the experimental observations.  
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Figure 7-21: Indent profile at maximum load and after unloading as predicted by the von Mises yield 
function (E = 14.1 GPa, ν = 0.3) with linear kinematic hardening.  
Extending the kinematic hardening material model to the incremental loading 
case using an indenter-bone frictional coefficient of 0.2 resulted in the load-
displacement curve prediction shown in Figure 7-22. Due to the similarity in the 
loading behaviour compared with the perfectly-plastic and isotropic hardening 
models, the predicted indent depths at each load increment were very similar, with 
respect to the experimental equivalent depths: 68%, 79%, 84%, 90% and 99% for 
increments 1 to 5, respectively.  
 
Figure 7-22: Incremental load-displacement curve predicted by the von Mises yield function 
(E = 14.1 GPa, ν = 0.3) with linear kinematic hardening. 
While Figure 7-22 shows an extremely accurate match of the upper unloading 
curve predicted by the kinematic hardening model, excessive elastic recovery 
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occurred when compared with the experimental observations. This is clearly shown 
for all increments in the elastic-plastic decomposition (Figure 7-23). The kinematic 
hardening model predicted approximately 30% of the experimental plastic 
component for each increment depth. Like the single load case and consistent with 
experimental observation, negligible pile-up was predicted when extending this 
plasticity model to the incremental loading case. 
 
Figure 7-23: Elastic-plastic decomposition of indent depth during incremental loading (10-30 mN) as 
predicted using the von Mises yield function (E = 14.1 GPa, ν = 0.3) with kinematic hardening.  
The addition of strain hardening to the von Mises yield criterion suppresses the 
generation of pile-up, but it fails to accurately predict the load-displacement 
response, especially during the intermediate incremental loading steps, and the 
decomposition of maximum indent depth into elastic (recoverable) and plastic 
(residual) components. The application of a pressure-dependent yield criterion may 
improve this.    
7.4 EXTENDED DRUCKER-PRAGER CRITERION 
The Drucker-Prager yield criterion extends the principles of the von Mises 
yield surface by including pressure-dependent yield through a conical yield surface 
(refer to Section 2.4). The implementation of a linear Drucker-Prager yield function 
in ABAQUS requires the specification of a friction angle, β, and the cohesion of the 
material, d, as shown in Figure 7-24. The Drucker-Prager criterion can be further 
extended with the inclusion of a dilation angle,  , to govern the plastic flow. 
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Figure 7-24: Linear Drucker-Prager yield criterion (F) in the meridional (p-q) plane, where p is the 
hydrostatic stress, q is the deviatoric stress, β, is the material friction angle and d is the cohesion of the 
material.  
Due to convergence problems, not all FE simulations were possible using the 
full 3D geometry. Therefore, this section implements the equivalent axisymmetric 
model described in Section 6.5.  
The Drucker-Prager yield surface parameters calibrated for ovine cortical bone 
tissue by Mullins et al. (2009) were used as the initial set of parameters to explore the 
Drucker-Prager yield criterion in the current study (Table 7-5). A second set of 
parameters, based on those established by Carnelli et al. (2011) was used to include a 
dilation angle. While Carnelli et al. used multiple elastic moduli (ET = 13.72 GPa, 
EA = 21.65 GPa) to define anisotropic elasticity, this study required a single elastic 
modulus for its isotropic linear elasticity assumption. Following on in the same 
manner as Sections 7.2 and 7.3, E = 14.1 GPa was chosen.  The coefficient of friction 
between indenter tip and bone was set to 0.3.   
 
Table 7-5: Drucker-Prager parameters from the literature used to simulate a 30 mN single indent and 
10-30 mN incremental load case. 
Parameter Set E ν β d σyC   Reference 
#1 13.56 GPa 0.3 46° 122 MPa 186.3 MPa 0° 
Mullins et al. 
(2009) 
#2 14.1 GPa 0.3 25° 126 MPa 149.2 MPa 10° 
Carnelli et al. 
(2011) 
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7.4.1 Single Indent Loading   
The predicted load-displacement curve for a 1.44 µm indent using Parameter 
Set #1 is shown in Figure 7-25. The Drucker-Prager yield function shows a similar 
agreement with the experimental load-displacement response, as previously 
described for the von Mises plasticity models. The upper portion of the unloading 
curve was matched extremely well to the experimental results, but the FE model 
predicted far less elastic recovery than observed in the experiment. The elastic 
component represented 23.6% (0.340 µm) of the maximum indent depth, compared 
with 46.4% (0.669 µm) in the experiment.  
 
Figure 7-25: Load-displacement curves predicted by a Drucker-Prager (DP) yield function (ν = 0.3, 
β = 46°) with two cohesion values (d) for a 1.44 µm indent.  
 
In an attempt to increase the maximum load predicted by the model to the 
experimental value of 30 mN, cohesion was increased to 132 MPa (Figure 7-25).  
This improved the root mean square deviation (RMSD) of the loading curve from 3.7 
to 3.1. Again the upper portion of the predicted unloading curve replicated the 
experimental behaviour (especially when the elastic modulus was changed to the 
experimentally measured value), but deviated from it during the elastic recovery in 
the lower portion of the unloading curve.  
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Consistent with the experimental findings in this study and the work of Mullins 
et al. (2009), Figure 7-26 shows that the Drucker-Prager yield criterion suppresses 
pile-up formation. This was the same for both cohesion values.  
 
Figure 7-26: Residual shape from a 1.44 µm indent predicted by a Drucker-Prager yield function (E = 
14.1 GPa, ν = 0.3, β = 46°, d = 132 MPa), superimposed over the undeformed bone block (grey). No 
pile-up was predicted. U2 is vertical displacement in µm.  
The Drucker-Prager yield criterion using Parameter Set #2 resulted in the load-
displacement curve shown in Figure 7-27. The loading path was similar to the first 
Drucker-Prager model, but did not follow the experimental curve as closely and 
resulted in an underestimation of the peak load. Most notably, the elastic recovery 
was less using the second Drucker-Prager model (0.259 µm, 18.0% compared with 
0.348 µm, 24.2%) and thus further from the experimental observation.  
 
Figure 7-27: Load-displacement response predicted by a Drucker-Prager (DP) yield function with 
dilation (E = 14.1 GPa, ν = 0.3, β = 25°,   = 10°) and two cohesion values (d). 
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The Drucker-Prager model with dilation could be improved by increasing the 
cohesion angle. Raising the cohesion to 150 MPa increased the predicted load to 
28 mN from 26.1 mN, closer to the experimental value of 30 mN, and improved the 
RMSD from 4.62 to 3.61. 
The predicted residual indent shape is shown in Figure 7-28. It shows the 
prediction of pile-up to a height of 0.058 µm (7.2% of the residual indent depth), 
compared with no pile-up prediction in the alternative Drucker-Prager yield function 
(with zero dilation angle) and in the experimental observations.  
 
Figure 7-28: Residual shape from a 1.44 µm indent predicted by a Drucker-Prager yield function (E = 
14.1 GPa, ν = 0.3, β = 25°, d = 150 MPa,    = 10°) superimposed over the undeformed bone block 
(grey). Pile-up of 0.058 µm was predicted. U2 is vertical displacement in µm. NB. Maximum U2 
displacement did not occur at bone surface. 
 
7.4.2 Incremental Loading  
Extending the loading case to that of incremental loading, and using the first 
parameter set for the Drucker-Prager yield criterion, led to the prediction of the load-
displacement curve shown in Figure 7-29.  
In a similar way to the von Mises plasticity models, the incremental loads were 
under-predicted by the Drucker-Prager yield surface: 63%, 75%, 80%, 86% and 94% 
for increments 1 to 5, respectively. This constitutive model captured the unloading 
curves well, particularly the last one, although the final elastic recovery still fell short 
of the experimental measurement. This is reflected in the elastic-plastic 
decomposition of the incremental depths shown in Figure 7-30. 
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Figure 7-29: Load-displacement response for 10-30 mN incremental load case as predicted by a 
Drucker-Prager yield function (E = 14.1 GPa, ν = 0.3, β = 46°, d = 132 MPa), compared with the 
reference experiment in bone tissue from the 86-year-old donor.  
 
 
Figure 7-30: Elastic-plastic decomposition of incremental indent depth as predicted by a Drucker-
Prager yield function (E = 14.1 GPa, ν = 0.3, β = 46°, d = 132 MPa), compared with the red lines 
indicating the transition points in 10-30 mN reference experiment.  
Additionally, Figure 7-31 shows that no pile-up was predicted for the 
incremental load case, which matches the experimental data.  
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Figure 7-31: Residual indent shape as predicted for a 10-30 mN incremental test by a Drucker-Prager 
yield function (E = 14.1 GPa, ν = 0.3, β = 46°, d = 132 MPa), with undeformed bone block (grey) 
superimposed to show the prediction of no pile-up. U2 is vertical displacement in µm. 
 
The second set of parameters for the Drucker-Prager model, with a dilation 
angle of 10°, resulted in the load-displacement curve presented in Figure 7-32. The 
FE model under-predicted the peak loads of every increment (60%, 71%, 77%, 82%  
and 90%, respectively) and did not follow the unloading curve as well as the 
previous model. The corresponding elastic-plastic decomposition of incremental 
indent depth is given in Figure 7-33. 
 
 
Figure 7-32: Load-displacement response for 10-30 mN incremental load case as predicted by a 
Drucker-Prager yield function (E = 14.1 GPa, ν = 0.3, β = 25°, d = 150 MPa,   = 10°), compared with 
the reference experiment in bone tissue from the 86-year-old donor.  
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Figure 7-33: Elastic-plastic decomposition of incremental indent depth as predicted by a Drucker-
Prager yield function (E = 14.1 GPa, ν = 0.3, β = 25°, d = 150 MPa,   = 10°), compared with the red 
lines indicating the transition points in the 10-30 mN reference experiment. 
While the elastic-plastic decomposition showed the decreasing trend consistent 
with the experimental findings across the increments, the transitions of elastic to 
plastic deformation were further from the experimental values than both the first 
Drucker-Prager plasticity model without dilation and the von Mises plasticity 
models. The inclusion of a dilation angle with a reduction in the material friction 
angle in the Drucker-Prager plasticity resulted in the predication of considerable pile-
up of 0.073 µm or 6.5% of the residual indent depth (Figure 7-34). This contradicts 
the experimental findings.  
 
Figure 7-34: Residual indent shape as predicted by a Drucker-Prager yield function (E = 14.1 GPa, ν = 
0.3, β = 25°, d = 150 MPa,   = 10°), shows a predicted pile-up of 0.073 µm above the superimposed 
original undeformed bone block (grey). 
Figure 7-35 shows the residual indent shape and pile-up predicted by the five 
constitutive models using the final set of parameters for each case solved using the 
axisymmetric FE model and compared with the AFM line profile through the 
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experimental indent. Either the von Mises yield criterion with isotropic hardening or 
the Drucker-Prager plasticity with a friction angle of 46° and no dilation were the 
best models to capture the pile-up behaviour.  
 
Figure 7-35: Comparison of residual indent shapes with pile-up for all constitutive material models. 
VMPP – von Mises with perfect plasticity; VMIH – von Mises with isotropic hardening; VMKH – 
von Mises with kinematic hardening; DP-I – Drucker-Prager without dilation; DP-II – Drucker-Prager 
with dilation. 
 
7.5 MODEL PREDICTIONS 
The results presented in Sections 7.2 to 7.4 concentrate on data that can be 
matched with the experimental findings. Here, predictions of each model with 
regards to the magnitude of elastic and plastic strains as well as contact behaviour are 
presented.  
7.5.1 Elastic and Plastic Strains 
Bar charts showing the maximum tensile and compressive elastic principal 
strains at both maximum indenter load and after indenter removal to zero load are 
shown in Figure 7-36.  
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Figure 7-36: Maximum tensile (top) and compressive (bottom) principal elastic strains predicted by 
each constitutive model in simulating a 30 mN indent at maximum loading and after removal of 
indenter to zero load. VMPP – von Mises with perfect plasticity; VMIH – von Mises with isotropic 
hardening; VMKH – von Mises with kinematic hardening; DP-I – Drucker-Prager without dilation; 
DP-II – Drucker-Prager with dilation. 
 
The values were obtained by taking the maximum compressive and tensile 
values of principal elastic strain using the ABAQUS/CAE visualisation tool. Not 
surprisingly, greater compressive elastic strains occurred at maximum indenter load 
than after indenter removal for all models (bottom graph in Figure 7-36). Like the 
analysis of the load-displacement curve, the graphs show that von Mises plasticity 
with kinematic hardening is strongly dominated by elastic behaviour. Further, these 
charts show a separation in the predicted response using von Mises versus Drucker-
Prager yield surface, specifically in the trend and magnitude of elastic strains during 
an indentation experiment. While a similar load-displacement curve may be achieved 
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by modifying the material parameters, the strains predicted within the material are 
influenced by the material model. Excluding the kinematic hardening case, the von 
Mises yield surface involved higher maximum tensile principal strains at the removal 
of loading than when the bone was fully loaded. This is in contrast to the Drucker-
Prager models.  
Turning now to predicted plastic strains, the highest magnitude of plastic strain 
predicted by all models for nanoindentation loading to 30 mN was 0.54 in the single 
load case and 0.78 in the incremental loading case, both occurring with the von 
Mises yield with isotropic plasticity.  
The maximum magnitudes of plastic strain for the single indent case across the 
first constitutive models are given in Figure 7-37. The dominance of elastic 
behaviour in the kinematic hardening model is again evident in this bar chart and the 
distribution of plastic strain shown in the contour plots of Figure 7-38.  
 
 
Figure 7-37: Maximum magnitude of plastic strain (PEMAG) for each constitutive model simulating a 
single 30 mN indent. VMPP – von Mises with perfect plasticity; VMIH – von Mises with isotropic 
hardening; VMKH – von Mises with kinematic hardening; DP-I – Drucker-Prager without dilation; 
DP-II – Drucker-Prager with dilation. 
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Figure 7-38: Contour plots of plastic strain magnitude (PEMAG) across the five constitutive models 
simulating a single 30 mN indent. VMPP – von Mises with perfect plasticity; VMIH – von Mises with 
isotropic hardening; VMKH – von Mises with kinematic hardening; DP-I – Drucker-Prager without 
dilation; DP-II – Drucker-Prager with dilation. 
 
The progression of plastic strain can be extracted after each increment of the 
incremental loading experiment. The maximum magnitude of plastic strain for each 
increment and constitutive material model are plotted in Figure 7-39. While both 
Drucker-Prager constitutive models follow the same path with increasing load, a less 
consistent pattern is apparent with von Mises and hardening.  
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Figure 7-39: Maximum magnitude of plastic strain (PEMAG) for each increment simulating a 10-
30 mN incremental loading experiment for each constitutive material model: VMPP – von Mises with 
perfect plasticity; VMIH – von Mises with isotropic hardening; VMKH – von Mises with kinematic 
hardening; DP-I – Drucker-Prager without dilation; DP-II – Drucker-Prager with dilation. 
7.5.2 Contact Behaviour 
The state of the indenter-bone contact interaction can be described by 
extracting the normal pressure and shear stress along the boundary at maximum 
indenter load. These are shown in Figure 7-40 and Figure 7-41, respectively, for each 
constitutive model simulating a single load 30 mN indent. All models except for the 
isotropic strain hardening case (µ = 0.2), were modelled with an indenter-bone 
frictional coefficient of µ = 0.3. Aside from the kinematic hardening model which 
distinguishes itself with a contact pressure four times that of its nearest neighbour, all 
of the other models show an initial drop in normal pressure from the point of tip 
contact, then a steady increase over 3 µm before a relatively sharp drop to zero at the 
edge of indenter-bone contact. 
In terms of shear stress, a sharp increase in the magnitude of stress occurs at 
the tip, becomes relatively steady for the next 3 µm, before returning to zero shear at 
the edge of indenter-bone contact. It is interesting to note the largest range of shear 
values occurs with Drucker-Prager plasticity (without dilation), which included 
positive shear of 0.04 approaching the edge of indenter-bone contact. This 
constitutive model also predicted no pile-up for all simulations.  
  
Chapter 7: Evaluation of the Elastic-Plastic Constitutive Behaviour of Trabecular Bone Tissue 217 
 
Figure 7-40: Normal pressure distribution along interface of indenter-bone contact for the single load 
30 mN indent simulated with five constitutive material models: VMPP – von Mises with perfect 
plasticity; VMIH – von Mises with isotropic hardening; VMKH – von Mises with kinematic 
hardening; DP-I – Drucker-Prager without dilation; DP-II – Drucker-Prager with dilation. 
 
 
Figure 7-41: Shear stress distribution along interface of indenter-bone contact for the single load 
30 mN indent simulated with 5 constitutive material models: VMPP – von Mises with perfect 
plasticity; VMIH – von Mises with isotropic hardening; VMKH – von Mises with kinematic 
hardening; DP-I – Drucker-Prager without dilation; DP-II – Drucker-Prager with dilation (µ = 0.3 for 
all except VMIH where µ = 0.2). 
The state of the contact surface can be compared at increments during the 
incremental loading experiment. The normal and shear stress profile along the bone 
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surface using Drucker-Prager plasticity (without dilation) is shown in Figure 7-42 
and Figure 7-43, respectively. Figure 7-44 and Figure 7-45 show the same data for 
the von Mises yield criterion with perfect plasticity.  
 
Figure 7-42: Normal pressure distribution along interface of indenter-bone contact for the 10-30 mN 
incremental loading experiment using a Drucker-Prager model (E = 14.1 GPa, ν = 0.3, β = 46°, 
d = 132 MPa, µ = 0.3).  
 
Figure 7-43: Shear stress distribution along interface of indenter-bone contact for the 10-30 mN 
incremental loading experiment using a Drucker-Prager model (E = 14.1 GPa, ν = 0.3, β = 46°, 
d = 132 MPa, µ = 0.3). 
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Figure 7-44: Normal pressure distribution along interface of indenter-bone contact for the 10-30 mN 
incremental loading experiment using a von Mises model with perfect plasticity (E = 14.1 GPa, ν = 
0.3,  σy = 275 MPa, µ = 0.3). 
 
Figure 7-45: Shear stress distribution along interface of indenter-bone contact for the 10-30 mN 
incremental loading experiment using a von Mises model with perfect plasticity (E = 14.1 GPa, ν = 
0.3,  σy = 275 MPa, µ = 0.3). 
 
The Drucker-Prager plasticity model shows a consistent trend in both the 
normal and shear stress profiles. In both measures, the initial loading increment 
distinguishes itself with a greater change in stress from the indenter tip outwards 
towards the edge of indenter-bone contact than subsequent increments. The positive 
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shear values noted in the single load case are also present at all increments of the 
incremental loading model. In contrast, the von Mises yield criterion did not exhibit 
such a consistent pattern in its stress distribution along the indenter-bone boundary 
during subsequent increments. Higher levels of both normal and shear stress were 
involved in the Drucker-Prager model.  
7.6 STRESS STATES DURING NANOINDENTATION LOADING  
The determination of stress states within a material under load can be 
established using FEA. In order to provide an indication of the stress states to which 
the bone tissue is being subjected during a nanoindentation test, stress states 
extracted were from the FE models of nanoindentation are summarised in the P-Q 
plane (meridional plane) in Figure 7-46.  
When examining Figure 7-46, the grey lines labelled A to G indicate how a 
particular simple loading state proceeds in P-Q space. For example, a material 
subjected to unconfined uniaxial compression would follow a path along the line E. 
Similarly, uniaxial tension would proceed along the path C, and so forth. In the case 
of bone nanoindentation, the graph shows that the majority of loading under in 
indenter occurs in the compressive region of P-Q space (red region), in the 
neighbourhood of biaxial and uniaxial compressive stress states. Additionally, there 
is a small proportion of tensile and shear loading within the tissue, shown by the red 
and blue regions.  
Figure 7-46 also allows indicates the 2D projection in P-Q space of the two 
yield criterion examined in this chapter. It helps to understand how the differences 
observed in the elastic-plastic behaviour of each constitutive model were created. 
The P-Q plot demonstrates the tensile-compressive asymmetry in yielding implied by 
the Drucker-Prager criterion. It also demonstrates the pressure-dependent nature of 
the Drucker-Prager yield criterion, with increased hydrostatic compression 
corresponding with an increase in yielding with respect to the deviatoric stresses (q). 
The identified stress states in the nanoindentation loading problem (coloured 
ellipses) show the relevance in investigating the post-yield behaviour of bone tissue 
by this loading scenario and the influence of the yield criteria evaluated in this 
chapter.  
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Figure 7-46: Stress states in the nanoindentation load case in P-Q space, where p is hydrostatic stress 
and q is deviatoric stress. The dotted lines indicate typical positions of the von Mises and Drucker-
Prager yield functions in P-Q space.  
 
7.7 CHAPTER SUMMARY 
This chapter presented an evaluation of the von Mises and Drucker-Prager 
yield criteria with respect to nanoindentation experiments using a Berkovich indenter 
on trabecular bone tissue. The established elastic-plastic constitutive material models 
were extended to the high load nanoindentation test case and to the incrementally 
loaded bone tissue.  
An investigation of the role of elastic parameters confirmed the effect of 
increasing elastic modulus leading to an increased peak load and a steeper unloading 
curve. Additionally, the plastic proportion of the maximum indent depth and 
prediction of pile-up increased with higher elastic modulus. Poisson‟s ratio was 
found to have a small effect on the peak load and prediction of pile-up, but only at 
considerable changes in the ratio value (0.25-0.35) and at particularly high load 
nanoindentation (100 mN). The indenter-bone coefficient of friction was found to 
have its strongest influence on the residual indent shape and pile-up prediction, but 
this was most influential at the introduction of friction from the frictionless case and 
the effect diminished with increasing friction.  
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Concentrating on the plastic response, increased yield stress resulted in a 
higher predicted peak load for a given indent depth. The introduction of strain 
hardening to the von Mises yield surface suppressed the height of predicted pile-up 
but did not improve the load-displacement response and decomposition of maximum 
indent depth into elastic and plastic components, with respect to experimental 
findings. While plastic deformation dominated the von Mises elastic-perfectly plastic 
and isotropic strain hardening models, kinematic strain hardening resulted in 
excessive elastic response and a strong distinction in the predicted strains and contact 
behaviour.  
The exclusion of pile-up in the FE model output was achieved using a linear 
Drucker-Prager model without dilation, as proposed by Mullins et al. (2009). While 
achieving a similar load-displacement response and values of the elastic and plastic 
components of maximum indent depth compared with von Mises plasticity, the 
predicted elastic and plastic strain levels at the end of the indentation experiment to 
zero load were lower in the Drucker-Prager model. A distinction was also noted in 
the normal and shear stress distribution along the indenter-bone contact interface, 
with Drucker-Prager plasticity producing a consistent pattern throughout incremental 
loading and positive shear stress towards the outer limit of indenter-bone contact. 
The inclusion of a dilation angle with a reduced material friction angle to the 
Drucker-Prager yield surface did not improve the FE model response with respect to 
experimental findings, but rather shifted further from it with the reintroduction of 
pile-up. 
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Chapter 8: Discussion & Recommendations 
for Future Work 
This chapter presents a discussion of the experimental and computational 
modelling results obtained in Chapters 4, 5 and 7. Firstly, the single indent high load 
nanoindentation approach is examined with particular respect to the bone mineral 
content, trabecular orientation and the effect of µCT radiation. Following this, the 
incremental loading approach is discussed for its contribution to bone tissue 
mechanics. The evaluation of the constitutive material models and their ability to 
capture the experimental behaviour is examined. After discussing the implications of 
the combined experimental and computational analysis, the chapter concludes with 
recommendations for future work based on the findings of this thesis.  
8.1 EXPERIMENTAL WORK 
In this thesis a high load nanoindentation testing approach using the Berkovich 
indenter tip was established and used to investigate the roles of bone mineral content, 
trabecular orientation and µCT scanner radiation on the mechanical behaviour of 
trabecular bone tissue. In addition, an incremental load nanoindentation approach 
was developed and used to ascertain characteristics of plastic behaviour which may 
then be used in the development of a constitutive material model for plasticity. Here 
the relevance of the experimental work with existing literature, its limitations and 
implications in bone tissue mechanics are discussed.  
8.1.1 High Load Nanoindentation  
The analysis of the effects of peak load and loading rate highlights some of the 
advantages of using high load nanoindentation. There is a diminishing effect of 
surface properties, such as sample roughness, on the measured response to load. In 
addition, due to the use of higher loads, the equipment for high load nanoindentation 
is more stable and less prone to errors than its standard load counterpart (refer to 
Section 3.3). Compared with standard load nanoindentation, high load 
nanoindentation moves towards being a bulk material characterisation tool rather 
than the surface characterisation approach for which nanoindentation was originally 
designed. Yet, it is still small enough to target particular features of the bone 
 224 Chapter 8: Discussion & Recommendations for Future Work 
microstructure, such as mineral content. The trabecular remodelling packets, 
corresponding with distinct changes in the bone mineral distribution, are clearly seen 
on SEM images in backscattered mode and can be targeted for analysis with high 
load nanoindentation. Canaliculi, approximately 0.5 µm in diameter, would be 
included in the measured response of bone to loading, whereas the osteocyte lacunae 
they connect, approximately 10 µm in size, are comparable in size to the residual 
indents created by high load experiments and can be excluded: a 100 mN indent 
results in a residual indent of approximately 2 µm deep and 20 µm across.  
On the other hand, as a greater volume of the bone tissue is involved in the 
loading below the surface, without additional 3D imaging it cannot be avoided that 
some responses may carry a greater response of resin, for instance a resin-filled 
osteocyte lacuna below the surface.  
The purpose of a holding period at peak load is to eliminate the effects of 
viscoelastic behaviour which may influence the unloading curve of a nanoindentation 
test and thus its influence on the calculation of an indentation elastic modulus based 
on the upper portion of the unloading curve. The change of indenter depth during the 
hold period shows that the selection of peak load and especially loading rate, are 
important factors in determining an appropriate holding time. Oyen (2008) 
performed a poroelastic analysis on nanoindentation loading of hydrated bone tissue 
with a spherical indenter to describe the creep behaviour. The behaviour can be 
modelled using poroelastic indentation theory by Equation 8-1, where H* is the 
normalised displacement, T* is the normalised time and A, P and T0 are empirical 
fitting parameters. While the hardness values were not a key output from this study 
needed for the calibration of the FE model exclusive of time-dependent behaviour, 
this may be something which could be incorporated into the analysis of high load 
testing to examine poroelasticity.  
          
  
  
 
 
 
  
 
Equation 8-1: Poroelastic equation for creep in bone tissue (Oyen, 2008) 
The analysis of load-displacement data combined with AFM imaging of the 
residual indent, although time-consuming, provides an alternative to the 
conventionally reported values of indentation elastic modulus and contact hardness. 
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These features are particularly useful for incorporation into FE models, which enable 
new insight into the mechanical behaviour of bone tissue. 
While pile-up was not identified during any of the experiments, a considerable 
recovery of indent depth was observed using the AFM data. Across all 100 mN 
indents the mean recovery depth was 22% of the indenter-measured final depth, 
reaching a maximum recovery of 50%. The recovery of indent depth appeared to be 
more noticeable at higher loading rates. The recovery effect was less prominent in 
the 30 mN experiments (mean 9%, maximum 39% of indenter-measured final depth). 
This may in part reflect the ability of the AFM to better characterise the residual 
indent shape at higher loads where surface roughness will have less influence. 
Although not incorporated into the FE analysis of this thesis, the use of AFM has 
provided valuable data to aid the characterisation of the time-dependent response of 
trabecular bone tissue to loading and further constitutive material model 
development.  
The data showed similarities between bovine and human bone tissue in terms 
of the effect of selected peak loads and loading rates. This supports the use of bovine 
bone as a laboratory analogue for human bone tissue and in the development of 
human bone testing protocols involving nanoindentation.  
Nonlinear events such as phase transformations, cracking and delamination of 
films can be identified in a load-displacement curve (Fischer-Cripps, 2011, p.31). No 
observations of such nonlinear events, so-called pop-in or pop-out phenomena, 
indicates that no cracking was generated by the nanoindentation loading. This was 
the case even under high load nanoindentation up to 150 mN and in the regions of 
highest mineral content. It is possible that the presence of resin may have contributed 
to the lack of nonlinear behaviour, or that the stress state generated within the 
material was not conducive to cracking of the bone tissue at a level that would be 
registered on the nanoindentation load-displacement curve, for instance insufficient 
tensile or shear loading. 
8.1.2 Bone Mineral Content 
Consistent with the literature, this study has found that the mechanical 
properties of human bone tissue are influenced by its bone mineral content. The 
working hypothesis for the influence of bone mineral was that increased local bone 
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mineral content was expected to cause a stiffer response to nanoindentation loading. 
Specifically, a more brittle, steeper loading curve, and any signs of fracture within 
the tissue was expected to be associated with higher mineral content.  
The indentation elastic modulus and hardness of more highly mineralised bone 
were indeed measured to be slightly higher than bone tissue containing less mineral. 
These results are comparable and consistent with the findings of previous 
nanoindentation studies combined with qBEI in human cortical bone tissue (Gupta et 
al., 2005; Fratzl-Zelman et al., 2009), although there was greater variability in both 
the nanoindentation and bone mineral content measurements of the current study. 
The uncertainty involved in the qBEI technique developed for this thesis may have 
contributed to this, as well as the application of the techniques to trabecular bone 
instead of cortical bone tissue.  
The trends in elastic modulus and hardness reflect changes in the load-
displacement curve, which tended towards steeper loading and unloading paths as 
mineral content increased. Although linear relationships between bone mineral and 
the mechanical property values from the standard load tests, particularly the 
maximum indent depth, were suggested by the scatter plots, Pearson correlation tests 
show that only 30-40% of the standard load nanoindentation response could be 
explained by the bone mineral. Other factors contribute to the mechanical behaviour 
of trabecular bone tissue.  
In addition to the anticipated changes in the typical nanoindentation output 
parameters, Er and H, some interesting time-dependent behaviour was noted. The 
tendency of the bone tissue to relax less after the removal of the indenter with 
increased local bone mineral content suggests a more important role of bone mineral 
in time-dependent behaviour than expected. While the organic matrix and its 
collagen fibres are considered the primary contributor to time-dependent behaviour, 
these data suggest an interaction between the organic and inorganic components 
should be considered in greater detail.  
The behaviour of bone mineral and its surrounding organic matrix was also 
highlighted in the energy analysis. As the bone mineral content increased, the 
maximum indent depth decreased, and consequently the final and residual indent 
depths. The bone mineral contributes stiffness to the bone tissue, acting to resist the 
penetration of the indenter. Correspondingly, the energy associated with a 
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nanoindentation event became increasingly dominated by inelastic processes with 
increasing bone mineral (Figure 4-35). Interestingly, the ratio of energies in the form 
of the energy expenditure index did not show any trends. The changes in elastic 
energy were balanced by those in total energy.  
While the influence of the bone mineral distribution was demonstrated in 
human trabecular bone tissue, it was not evident in the bovine bone examined. In 
both the standard load and high load testing on bovine bone, little variability of bone 
mineral content across the trabecula may have contributed to the lack of finding a 
relationship between mechanical properties and bone mineral. Given the accuracy 
and sensitivity of the measurement methods, the mineral variation may not have been 
large enough to identify a difference. The bovine bone (~2-year-old) was very young 
bone compared with the human bone tissue examined. Older bone, with its history of 
remodelling over its lifetime, will show greater heterogeneity in mineral content. 
Hence, the bovine bone studied may not reflect the effects of bone mineral in local 
tissue mechanical properties. This may be an important consideration when choosing 
to use bovine bone as an analogue in the study of human bone tissue. 
The study has a number of limitations, particular with respect to bone mineral 
quantification and matching to indent site. Difficulties in obtaining identical scanning 
conditions across all of the samples reduced the power of comparison between SEM 
images taking during multiple scanning sessions. This may be accounted for by 
considering an error of up to ten greyscale levels (equivalent to 1.7 wt.% Ca) in the 
calculated pixel mean across the different qBEI images. Comparing indents captured 
in a single SEM image provided greater certainty in relative mineral content; 
however this did not always result in a consistent trend in the response of the bone 
tissue to loading. Concentrating on results performed in a single sample from a single 
donor, eliminating the effect of donor age and sample preparation, showed that 
differences in the response cannot be explained by mineral content alone. The data 
suggest that the role of microstructural features, such as the boundaries between 
regions of mineral content and lacunae, may contribute to the measured response. 
The comparison of indent site mineral content using a single SEM image still 
has limitations. Although the visual identification of the indent under high load 
conditions has greater certainty, the selection of pixels to calculate the mean pixel 
value was variable. The pixel intensity is influenced by local tissue features such as 
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lacunae or cracks, which artificially lower the mean grey level, or bright features 
such as cement lines that increase the mean grey level. Polishing artefacts such as 
scratches across the region of interest also cause a deviation from the true value. 
Image settings relating to image acquisition time and noise greatly influence the 
pixel intensity calculation. Using multiple attempts to determine the mean grey level 
in one SEM image resulted in a shift of up to 12 grey levels, while a neighbouring 
indent site varied by four grey levels. 
An important limitation of the current study is the error associated with the 
qBEI procedure and in matching indent location between optical microscope and 
SEM images. Uncertainty over the location of indents was reduced in the high load 
nanoindentation study, especially those indents of 100 mN or above, since these 
indents were generally observable in the qBEI images. However, their appearance in 
qBEI images also showed that their presence disrupted the flat polished surface. This 
in turn may have influenced the electron beam interaction with the bone and thus 
altered the measurement. The triangular indent regions were excluded from the local 
bone mineral content measurement, so this effect should be minimal.  
The results highlight the limitation of the current study in selecting test regions 
purely based on optical microscopy data alone. Prior knowledge of the bone mineral 
distribution could greatly enhance a study into the role of bone mineral by high load 
incremental nanoindentation. It could reduce the number of specimens required to 
examine the maximum range of mineral content across a single sample, thereby 
eliminating inter-specimen differences. The study could have been performed using 
qBEI imaging first to locate regions of varying mineral content; however, the 
potential damage induced on the surface of the bone tissue due to electron 
bombardment by the SEM electron beam was a concern that prevented this order of 
experimental procedure in the current study. This was of particular importance for 
standard load testing as it would be more sensitive to surface changes. Conversely, 
prior knowledge of the bone mineralisation patterns may have directed the tests 
towards regions of „pure‟ mineral content, but they would have avoided the mineral 
boundaries and cement lines. The variation in data measured across such regions 
highlights the importance of these features in the response of bone tissue to loading. 
Considering that Busse et al. (2009) noted the increased homogeneity of trabecular 
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bone tissue in osteoporotic bone tissue, these features should be considered in greater 
depth. 
The distribution of bone mineral may explain some of the differences observed 
in mechanical behaviour between bone from the two donors, 52 and 86 years. The 
bone mineral distribution can be assessed using a histogram of the bone mineral 
measurements across the pixels of a test area, and comparing the mean, median, and 
full-width at half-maximum (FWHM) (Roschger et al., 1998). This was performed 
for all regions tested by high load nanoindentation. The mean and median varied by a 
maximum of 1.0 wt.% Ca. Given the uncertainty in the bone mineral measurements 
taken on different days, the FWHM of each histogram was comparable for all test 
regions (5.8-7.8 wt.% Ca), except for one sample from the 86-year-old donor (12.8 
wt.% Ca). This sample was involved in the high load testing comparing the effects of 
µCT radiation and may have influenced the results.  
As discussed in Section 4.1.5, high load nanoindentation involves a greater 
volume of bone tissue in the mechanical response than its standard load counterpart. 
The variation of bone mineral distribution is a 3D phenomenon, meaning that 
mineral content could also vary in the response volume of bone below the surface. 
This would not be accounted for in the estimate of bone mineral used in this study. 
Neither are the potential effects of cement lines and proximity to osteocyte lacunae in 
the volume of bone tissue responding to the high load nanoindentation.  
8.1.3 Trabecular Orientation 
The working hypothesis with respect to trabecular orientation was that 
trabeculae aligned with the macroscopic (whole bone level) principal loading 
direction, and therefore primarily loaded in compression in vivo, were expected to be 
stronger in their response to the primarily compressive nanoindentation loading than 
their transversely-oriented counterparts.  
The data show no difference between trabeculae aligned with the principal 
loading directions and those orthogonal. There are two aspects to be considered here. 
Firstly, there is the orientation of each trabecula with respect to the estimated 
primary loading direction of the whole bone. Secondly, the indentation direction with 
respect to the trabecula itself must be considered. While no clear differences were 
established between the orthogonal regions examined in this study, this does not 
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mean that trabecular orientation does not influence the local response of the tissue to 
mechanical loading. An improvement to this study would be to include indentation 
performed parallel to the axis of the trabecula and thus in the direction of local 
loading within the trabecular material.  
If the collagen fibres are oriented consistently along a trabecula, then the 
indentation performed in the current study would not identify effects contributed by 
the fibres. Therefore, it would be informative to identify the collagen fibre 
orientation within the organic matrix at the site of indentation. The response of 
collagen fibres indented between aligned fibres, pushing them apart, compared with 
the compression of fibres down their own length would be expected to elicit different 
responses to nanoindentation. Therefore, the findings of Roy et al. (1999) that axially 
aligned trabeculae were stiffer than those in other orientations was not supported nor 
contradicted by this high load study. 
The interpretation of this part of the study relies on the accurate determination 
of the orientation of individual trabeculae with respect to the apparent level principal 
loading direction. Although the orientation of the trabeculae was noted with respect 
to the macro-scale, the trabecula type was not known with certainty. During testing, 
trabeculae were selected based on their rod-like appearance; however, this was not 
completely clear from the 2D projection of the trabecular architecture at the 
specimen surface. It is therefore possible that some of the tested regions were more 
plate-like in form, which may also play a role in the trabecula‟s response to load.  
8.1.4 Effect of µCT Radiation 
The ionising radiation associated with a standard desktop µCT procedure to 
obtain trabecular morphometric data was hypothesised to cause deterioration in the 
mechanical properties of the bone tissue. Specifically, it was expected that higher 
elastic moduli and hardness values, and less energy involved in nanoindentation 
would occur after scanning with a desktop µCT. The higher elastic modulus and 
hardness values were noted in the 86-year-old bone tissue, but no difference was 
observed in the energy expenditure index.  
The effects of ionising radiation on biological tissue are often discussed in 
terms of their alterations to the bonds between molecules within the organic matrix. 
It would be reasonable to think that the effects of bond manipulation may be 
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examined in terms of energies involved in mechanical loading states. Thus, a key 
part of this study was to examine how the energies involved in each stage of loading 
compared with non-irradiated bone. Surprisingly, the difference in energies involved 
in each stage of loading and the energy expenditure index evaluation did not clearly 
reflect the influence of µCT radiation on the bone tissue.  
The data of this study suggest that the origin and history of bone tissue are 
important in determining how it will be affected by µCT. The results were consistent 
across bone tissue from one human donor, but not clear across all bone tissue. The 
bone tissue from the 52-year-old donor did not suggest any clear effect by the µCT 
scanner, in both the standard load and high load nanoindentation testing. In contrast, 
bone tissue from the 86-year-old donor exhibited a notable difference in the 
mechanical response of bone subjected to ex vivo experimental µCT radiation. 
Although both donors were female, the age difference of 34 years could contribute to 
the differing results in comparing the effects of µCT. Bone quality may have 
deteriorated with donor age, and thus also the tissue‟s ability to maintain mechanical 
performance with µCT radiation. No information is available on previous medical 
treatments or conditions. This could be a result of events during the donor‟s lifetime, 
such as an accumulative effect of ionising radiation, or the effect of medication on 
the bone tissue‟s response to the applied radiation. Osteoporosis or another bone-
related disease could have influenced the bone tissue response to the µCT radiation.  
Bone specimens were scanned in physiological saline solution, prior to 
dehydration and embedding. The purpose of this was to imitate how µCT might be 
applied in typical trabecular bone studies. These samples were relatively small, cubes 
of less than 10 mm sides. The projection of x-rays in the µCT scanning device means 
the dose a sample receives will be size-dependent.  
While a limitation of this study was the inability to accurately quantify the 
radiation dose received by the bone tissue, it was the goal rather to investigate any 
influence of a typical trabecular bone µCT scan. Therefore, accurate dose 
measurement was not necessary. By way of estimation, a study of the desktop µCT 
(with source voltage 50 kV, current 615 A and image acquisition time of 121 s) 
radiation dose in mouse organs by Willekens et al. (2010) was 300–500 mGy. Given 
that a higher source voltage was used in this study (70 kV), it might be expected to 
generate a slightly higher dose in the bone tissue. The dose would be expected to 
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have been considerably lower than synchrotron radiation used for imaging and 
gamma sterilisation doses. Synchrotron radiation doses of 0.5 to 630 kGy have been 
investigated for their detrimental effects on the mechanical properties of bone tissue 
(Barth et al., 2010). Gamma radiation is also used in large doses (15–35 kGy) to 
render a biological material safe for transplantation etc. (Nguyen et al., 2007).  
The effects of the radiation involved in this study should be separated from in 
vivo studies. In vivo studies using specialised µCT devices with lower radiation dose 
are outside the scope of this test. This study was performed to identify whether a 
single imaging session under typical scan settings to acquire trabecular morphology 
data would alter the mechanical properties of the tissue.  
The data examined in this study therefore suggest that a single use of standard 
desktop µCT may deteriorate the mechanical properties of bone tissue, as prepared 
for and measured by nanoindentation. Consequently, researchers using µCT in their 
experimental programs should be mindful of potential effects of µCT use on any 
mechanical measures. 
8.1.5 Incremental Loading 
In the literature, five previous studies have described the application of a 
multiple or incremental loading profile for nanoindentation. The earliest study 
performed multiple load-unload cycles to a constant peak load in order to reduce the 
effects of viscoplasticity in the nanoindentation response (Fan & Rho, 2003). Two 
further studies applied an incremental loading profile to assess the role of sample 
preparation and testing conditions on the conventional nanoindentation output of 
indentation elastic modulus and hardness (Donnelly et al., 2006; Mittra et al. 2006). 
This was chosen to measure the response of increased load at a fixed point, thereby 
removing the effects of microstructure when comparing various loads. The final 
study used a three-stage incremental loading profile, with the first two stages acting 
as conditioning steps prior to the final measurement load. Except for Fan and Rho 
(2003), who used human tibial cortical bone, all experiments were performed on 
non-human trabecular bone. Due to the nature of their studies, relatively low peak 
loads were used. The maximum was 6 mN by Fan and Rho (2003), which is much 
smaller than the loads used in this study. This is the first time to the author‟s 
knowledge that the incremental loading approach, focussing on the post-yield 
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response of bone tissue and not the conventional nanoindentation output parameters, 
has been performed in human trabecular bone and under high-load conditions.  
The response of trabecular bone tissue to incremental high-load testing was 
examined by analysing the load-displacement curve directly and performing energy 
analysis. There was less variation across the high-load incremental nanoindentation 
experiments than across single indent tests. The load-displacement data showed a 
marked change in the loading curve between initial and subsequent loading events. 
The initial change in surface shape from a flat surface to the impression of the 
indenter will contribute to this depth response. As more of the indenter becomes 
engaged with the bone tissue, the response to load becomes more consistent. This 
initial stage marks the greatest proportion of plastic deformation per increment 
during the incremental loading process. This was reflected in both the energy 
expenditure index and energy involved with this initial stage. Subsequent indents 
reduce the effects of the sharp indenter geometry on the depth measurement.  
The energy associated with each stage of loading was normalised by an 
estimated volume of bone tissue displaced in the change of tip displacement for that 
stage. The value was approximated by that of an ideal triangular pyramid, using the 
projected area of the Berkovich indenter. Error involved in this approximation may 
arise from the specified tip curvature, damage to the tip surface and the difference in 
the indent depth measurement based between a sharp point and the curved tip. Any 
significant damage effects would have been noted by unusual loading patterns or the 
AFM image and could therefore have been excluded, but such anomalies were not 
noticed in the experiments described here. Considering the manufacturer-specified 
Berkovich tip radius of 200 nm, the height difference between the measured height 
and that of the idealised triangular pyramid is approximately 20.4 nm. The volume 
occupied by the tip of the indenter is therefore negligible compared to that of the rest 
of the indent space. However, given that the change in height influences the volume 
calculation at the larger end of the pyramid and that the height measurement is 
cubed, the depth value used for the calculation could have a greater influence on the 
volume approximation. The 20.4 nm height difference resulted in an average 4% 
overestimation in energy per volume quantities, with the lowest load most affected 
with an overestimation of just under 10%. Note that this analysis does not take into 
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account energy related to deformation recovered after the indenter removal, which is 
known to occur by examining the AFM results (refer to Section 4.2).   
The AFM images showed no pile-up in any incremental loading test on bovine 
or human bone tissue, regardless of the maximum load applied. It is possible that the 
multiple load-unload cycles of the test in a fixed position may have contributed to the 
lack of pile-up, should any adhesion occur between the indenter and bone surface. 
However, given that no clear pile-up was evident in single high-load indents 
(Chapter 4), this is not considered to be a likely contributor.  
High-load nanoindentation using an incremental loading profile, followed by 
AFM imaging of the residual indent is a time-consuming process. This is an 
important limitation of the approach. Thus this thesis represents a small 
observational study only, with the primary end goal in mind to search for possible 
trends by incremental loading technique and to generate a modelling scenario for 
subsequent FE analysis and constitutive modelling of bone tissue plasticity.  
Given the small amount of variation in bone mineral and the limited use of 
bovine bone tissue to establish the technique, only human bone tissue was 
characterised in this study. An important limitation of this study was the small 
sample size, covering eight testing regions in bone tissue from two human donors. 
The effect of using two donors with different history of bone tissue should not be 
underestimated. With a 34-year difference between the two samples, donor age may 
contribute to the differences in mechanical behaviour. The medical history and that 
of physical activity for each donor were not available, both of which could influence 
the microstructure and thus mechanical properties of the tissue.  
The technique employed in this study used five increments of equally spaced 
load with a constant loading rate, separated by a constant holding time at incremental 
peak load and rest period at zero load between increments. Alternate ways of 
controlling the loading profile could be used to obtain information regarding the 
bone tissue behaviour, particularly time-dependent behaviour. For instance, the 
loading profile could be designed such that equal work governs the loading profile 
shape. Further, the holding period could be adapted for each loading rate and peak 
load as these parameters will influence the bone response.  
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8.2 CONSTITUTIVE MODELLING OF PLASTICITY 
Chapter 7 evaluated the ability of three constitutive modelling approaches to 
predict the post-yield response of trabecular bone tissue subjected to high load single 
indent and incremental nanoindentation loading, namely the von Mises yield 
criterion with perfect plasticity, von Mises with strain hardening and Drucker-Prager 
plasticity. Of the three plasticity models investigated, and taking into account the 
predicted load-displacement curve, pile-up prediction (see Section 6.6) and 
decomposition of the indent depth into elastic (recoverable) and plastic (residual) 
components, the Drucker-Prager model without dilation was found to best predict the 
experimentally observed behaviour.  
Poisson‟s ratio, while it represents a negligible effect on the predicted load-
displacement response and residual indent shape compared with the predicted 
indenter depth, it may play a more important role when pile-up height is considered. 
Given that no pile-up was generated in the experimental data, this was not considered 
an important factor in the current constitutive model development. The assumption 
of ν = 0.3 is consistent with other literature (Fan et al., 2004; Tai et al, 2006; Mullins 
et al., 2009), when a linear isotropic and homogeneous material relationship is used 
for elastic behaviour. While direction-dependent constitutive properties (e.g. for E 
and ν) have been examined by previous authors (Carnelli et al., 2011), they were not 
included in this FE study. Homogeneous, isotropic, linear elasticity is assumed for all 
material models. It is a requirement of the modelling software ABAQUS that the 
assumption of linear elasticity be made when using the built-in plasticity models. 
This may be a reasonable assumption for the purposes of this analysis, given that the 
high loads involved in the modelling scenario generate large residual indents which 
are used to compare with experimental observations.  
Adam and Swain (2009) recommended that friction between the indenter and 
bone should be included in FE analysis, particularly when considering pile-up for the 
calibration of constitutive relations. For the models described in this chapter, the 
majority of models used a coefficient of friction was 0.3, while the isotropic strain 
hardening and incremental kinematic hardening used 0.2 to obtain a solution. It was 
found that altering the coefficient of friction influenced whether some models would 
solve. However, a change in the friction coefficient from 0.2 to 0.3 corresponded 
with a change of ~0.1% in the ratio of pile-up height to residual indent depth and 
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therefore was considered acceptable. Given that the experiments in this thesis were 
performed under dry conditions, frictional coefficients of 0.3 and 0.2 may be 
considered reasonable.   
The comparison of pile-up height predicted by each model is influenced by the 
nature of the model. The distribution of pile-up differs between a 3D and 
axisymmetric FE model, something which should be considered when using pile-up 
as a feature for calibrating material model parameters and when comparing between 
the von Mises and Drucker-Prager models in Chapter 7 (Toal & Adam, 2012). 
However, given that the experimental data showed no pile-up and thus the goal of the 
constitutive model would be to eliminate the prediction of pile-up, both models can 
be used effectively.  
It has been established that the von Mises yield function cannot adequately 
capture the true nature of the plastic behaviour of bone tissue, specifically with 
respect to the load-displacement curve and the prediction of pile-up (Mullins et al., 
2009). However, throughout the historical development of elastic-plastic constitutive 
theory and specifically in that of bone tissue, it has been used as an important starting 
point for a number of modelling studies of bone tissue (Yeni et al., 2003; Fan et al., 
2004; Tai et al. 2004; Mullins et al, 2009, O‟Neal et al., 2010). It is relatively easy to 
implement, is conceptually a good starting point for more complex elastic-plastic 
constitutive models and does capture some important features of the plastic response. 
It is particularly relevant when considering the application of the Drucker-Prager 
yield criterion, as it in itself is an extension of the von Mises yield function from a 
cylinder to a cone in principal stress space.  
The parameters of a von Mises yield surface can be manipulated such as to 
reasonably replicate the load-displacement curve of a nanoindentation experiment on 
bone tissue, particularly the loading part of the curve. However, von Mises plasticity 
fails to replicate the decomposition of maximum indent depth into elastic and plastic 
components. Furthermore, the incompressible plastic flow in von Mises plasticity 
leads to the excessive prediction of pile-up surrounding the residual indent. This pile-
up height can be suppressed with the addition of hardening parameters to the 
plasticity model.  
Pile-up was not observed in any of the experiments on trabecular bone tissue 
presented earlier in this thesis. Even when using parameters intended to minimise 
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pile-up (i.e. low E, high σy, and high friction, which contradict experimental findings 
in the literature), the von Mises yield function with perfect plasticity predicts pile-up 
formation and thus is clearly not the ideal model to capture bone‟s post-yield 
behaviour. It was shown by Fan and colleagues (2004) that hardening can be used to 
suppress the pile-up predicted during a nanoindentation FE simulation using the von 
Mises yield criterion. This was also found in the present study, concentrating on 
human trabecular bone tissue under greater loads than those simulated by Fan et al. 
(2004) and incremental loading. By adjusting the isotropic strain hardening 
parameters proposed by Fan and colleagues, it was possible to reduce the maximum 
pile-up height to one third of that predicted by the elastic-perfectly plastic model. 
However, no real improvement was made in the elastic-plastic decomposition of 
maximum indent depth during incremental loading.  
The Drucker-Prager yield criterion, without dilation in plastic flow, was the 
optimal approach out of those considered to predict the plastic behaviour of 
trabecular bone tissue. As Mullins and colleagues (2009) pointed out and confirmed 
in this study, the inclusion of a dilation angle resulted in the predication of pile-up.  
The calibration of the Drucker-Prager plasticity model typically involves 
triaxial test data. Such data would be technically very difficult to achieve for bone 
tissue and is thus not available. Thus the application of the Drucker-Prager yield 
criterion in this work was based on the work of previous authors (Mullins et al., 
2009; Carnelli et al. 2011). As an alternative to triaxial testing of bone tissue, 
experiments combined with FE modelling of alternative nanoindentation tips (such 
as sphero-conical and cube corner) could generate further stress states for the 
calibration of the Drucker-Prager model.  
The exclusion of time-dependent behaviour is a clear deviation from the true 
behaviour of bone tissue. Although the time-dependent response of the bone tissue 
(creep during holding at peak load and relaxation during the rest periods of the 
incremental loading tests) was quantified in the experimental component of this 
thesis, it was outside the scope of this thesis to include it in the constitutive 
modelling. Studies in the literature have proposed theories of poroelasticity and 
visco-elastic-plastic deformation partitioning to model the time-dependent behaviour 
(Oyen, 2008; Ferguson, 2009). In principal, incorporation of rate-dependent 
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behaviours into the constitutive modelling approaches evaluated in this thesis could 
be performed.  
None of the constitutive relationships examined in Chapter 7 were able to 
accurately capture the entire loading curve shape, particularly the lower portion. 
Given that this was consistent across all models, this leads one to consider the ability 
of the FE model to capture this behaviour. It is possible that the geometry of the tip 
used, as per the manufacturer‟s specifications, was not a true representation of the 
indenter. The tip may have been blunt and therefore resulted in higher loads earlier in 
the indenter displacement with the distribution of load over a greater area.  
It is interesting to note that although linear elasticity was prescribed in the 
material model definition, the FE model predicted nonlinear unloading. Similar to the 
altered initial loading curve, this may be a result of the geometry of the loading 
situation, in particular the changing contact area during the unloading step.  
Excluding the von Mises plasticity with kinematic strain hardening, the FE 
model predicted lower elastic and plastic strains, at the end of each nanoindentation 
test when using the Drucker-Prager model than von Mises. Taking the predicted 
values from the Drucker-Prager model (β = 46°, d = 132 MPa and φ = 0°) and 
combine with the experimental observations, plastic strains of 0.6 did not generate 
any cracking or fracture within the tissue. This probably reflects the nature of the 
nanoindentation problem (Figure 7-46), which involves relatively little stress on the 
tensile side of the deviatoric axis. Testing that involves loading through to fracture, 
perhaps using a sharper indenter tip, would provide useful data in the transition from 
plastic behaviour to full continuum-to-discrete fracture.  
8.3 IMPLICATIONS OF THIS STUDY 
The ultimate goal of characterising the mechanical behaviour of bone tissue, 
particularly the post-yield response leading to microdamage, is to understand how 
fracture occurs in healthy and abnormal bone tissue, to use this information to 
improve diagnosis and treatment. Further still, it may potentially influence the study 
of the biological activity in bone tissue.  
The protocols that have been developed in this thesis may be used to build up 
technical understanding of the stress and stain history that will lead to the formation 
of microdamage. The techniques could be repeated on bone experimentally altered to 
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examine features of the bone tissue, for example the removal of bone mineral by 
chemical means, to identify how the feature contributes to the plastic behaviour. 
Pathological bone tissue, for instance from Paget‟s disease of bone or osteogenesis 
imperfecta, could be tested and calibrated using Drucker-Prager plasticity to develop 
a set of reference values for different conditions. The same could be done for bone 
altered by drug therapies, such as bisphosphonates.  
The protocols may then be of value to the clinical setting. For instance, the 
incorporation of the assessment of bone tissue plasticity into reference point 
indentation that is being designed for clinical assessment of material properties 
(Hansma et al., 2008), may improve diagnosis and treatment of disorders that alter 
microdamage behaviour. The calculation of a plasticity parameter, for instance the 
cohesion value in Drucker-Prager plasticity, could indicate the progression of a 
particular disease or changes in the bone quality due to the treatment with 
bisphosphonates.  
8.4 RECOMMENDATIONS FOR FUTURE WORK 
One of the initial primary motivations for this work was to develop a 
constitutive material model to describe post-yield behaviour leading to microdamage 
formation in trabecular bone tissue, which could then be applied to the whole 
trabecula. Thus, future work could involve experimental testing, compressive and 
tensile loading combined with imaging techniques, of individual trabeculae, which 
could then be modelled using FE methods and the constitutive material models for 
plasticity examined in this work.  
The current study concentrated on bone mineral content, trabecular orientation 
and the effects of typical desktop µCT scanning. Future work could extend the high 
load and incremental load nanoindentation combined with AFM approach to 
examine fresh non-embedded bone, to isolate the effects of embedding media and 
sample preparation techniques. The examination of re-hydrated bone tissue would be 
particularly useful in assessing the time-dependent nature of bone tissue, including 
creep and relaxation. The examination of trabecular orientation by indenting along 
the axis of each trabecula or with characterisation of the collagen fibre orientation 
would extend the understanding of the role of the organic matrix in collaboration 
with bone mineral in the mechanical behaviour of bone tissue. This may help to 
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explain some of the variation in nanoindentation measurement not captured by bone 
mineral content information, as shown in this study. An experimental measurement 
of the friction between the indenter material and bone tissue would also improve the 
nanoindentation FE model. 
The application of Drucker-Prager plasticity may be improved with the 
addition of a convex end cap („cap plasticity‟) to allow yielding under stress states 
associated with increased hydrostatic compressive stresses. The analysis of stress 
states in the P-Q plane show that the nanoindentation problem would be influenced 
by such a yield surface. The compressible nature and micro-porosity of the bone 
ultrastructure may also lend itself to such theoretical analysis.  
Particularly due to the difficulties associated with performing in bone tissue the 
typical experimental approaches used to obtain plasticity parameters in soil 
mechanics, such as triaxial testing, it may be beneficial to extend the modelling 
approaches in this thesis to alternative loading cases. This would extend the range of 
stress states within the bone material and thus assist with comprehensive calibration 
of plasticity models, especially the Drucker-Prager model. Loading cases for 
consideration include the use of alternative indenter tips, such as sphero-conical and 
cube corner. Additionally, nanoscratch tests in bone tissue would provide interesting 
and valuable stress states, especially in tensile and shear behaviours.  
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Chapter 9: Conclusions 
Experimentally, the major contribution of this thesis involved novel data and 
analytical approaches of high load nanoindentation testing on human and bovine 
bone tissue. The interpretation of the load-displacement curve, AFM images of the 
residual indentation, energy analysis including the energy expenditure index, and the 
elasto-plastic decomposition of maximum indent depth are valuable contributions 
that enhance the elasto-plastic constitutive modelling of bone behaviour using FEA.  
The theory of the elasto-plastic constitutive framework relies on the addition of 
incremental stress and strain components. An important contribution of this thesis 
was to evaluate previously proposed elasto-plastic constitutive relationships with 
respect to experimentally observed incremental loading, as well as the residual indent 
shape. The incremental loading approach, presented in Chapter 5, provides novel 
information about the response of both human and bovine trabecular bone tissue to 
mechanical loading over time, transitioning from elastic to plastic deformation.  
In Chapter 3, experimental techniques for the mechanical evaluation of 
trabecular bone were presented. High load nanoindentation was selected for its 
ability to generate significant plastic deformation, which could then be quantified by 
AFM. The resulting AFM data showed a post-test relaxation of the maximum indent 
depth of 20-30%. Although time-dependent behaviour was outside the scope of the 
modelling component of this thesis, the AFM data may be used to provide insight 
into the time-dependent behaviour of bone tissue. Interestingly, no pile-up or discrete 
microcracking phenomena were observed at any stage in the high load 
nanoindentation study, even to loads as high as 150 mN. While nanoindentation 
using various indenter tips and resin embedded specimens may be beneficial in the 
study of the post-yield behaviour of bone tissue, it may not be the most appropriate 
method for exploring fracture behaviour and the formation of discrete cracks. 
Bone mineral content and its distribution were flagged by the literature review 
as an important contributor to the response of bone tissue to applied load. Measured 
in this study using qBEI, bone mineral was found to influence the indentation elastic 
modulus and contact hardness by increasing their values, and lowering the maximum 
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indent depth. These findings were not consistent across all bone studied, however 
difficulties in obtaining stable and consistent measurement conditions may have 
contributed to this.   
The orientation of trabeculae was tracked from sample acquisition through to 
testing, noting the orientation with respect to expected whole bone loading 
conditions and the indentation direction. No trend in the elastic modulus, hardness, 
indent depth or energy involved in standard or high load nanoindentation was found 
in either bovine or human bone tissue. However, the ionising radiation associated 
with a typical desktop µCT scan to obtain trabecular morphometric data did appear 
to influence the nanomechanical properties of human trabecular bone tissue. The 
elastic modulus and contact hardness were increased, while the maximum indent 
depth and energies involved in the nanoindentation event were decreased. However, 
again these observations were not consistent for all the bone tissue examined in this 
study and thus other factors in the history of the bone tissue may contribute to its 
response to desktop µCT radiation.  
In Chapter 6, two FE models of bone nanoindentation were developed for the 
exploration of constitutive material models: a 3D FE model representing one sixth of 
the bone nanoindentation problem (due to the six-fold symmetry of the pyramidal 
indenter) and an equivalent 2D axisymmetric FE model. Starting with a base material 
model using von Mises yield with perfect plasticity, as described by Mullins et al. 
(2009), Chapter 7 presented the evaluation and calibration of constitutive material 
models featuring the von Mises and Drucker-Prager yield criteria, with respect to the 
experimentally observed mechanical response of trabecular bone tissue.  
The von Mises yield criterion with perfect plasticity required very high yield 
stresses (~300 MPa) to generate reasonable load-displacement nanoindentation 
curves and incorrectly predicted large amounts of pile-up. The addition of isotropic 
strain hardening lowered the initial yield stress (~125 MPa) and suppressed the pile-
up to one third of the maximum pile-up height, but did not improve the ability of the 
constitutive model to capture the elastic-plastic decomposition of maximum indent 
depth during incremental loading. When the von Mises yield surface was combined 
with kinematic strain hardening, the response was excessively dominated by elastic 
behaviour, resulting in too much elastic recovery.  
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In agreement with existing literature, the pressure-dependent Drucker-Prager 
yield function, with zero dilation angle for plastic flow, improved the ability of the 
FE model to predict the load-displacement response, decomposition of indentation 
depth and the residual indent shape. Drucker-Prager plasticity, without dilation, 
predicted no pile-up, consistent with experimental findings.  
Future work from this thesis would involve more thorough calibration of the 
constitutive material parameters using alternative stress states, such as those involved 
in indentation using different indenter tips. Experimental conditions such as hydrated 
and unembedded bone, or the characterisation of the organic matrix properties such 
as collagen orientation, combined with modelling, could improve the understanding 
of the role of the different features of bone tissue. The incorporation of time-
dependent properties would be the next step in constitutive modelling of bone 
behaviour. The techniques of this thesis could also be applied to gain insight into the 
effects of different bone pathologies on bone tissue behaviour, particularly into the 
post-yield regime.  
In summary, this thesis has made important contributions to the field of bone 
mechanics in experimental and constitutive modelling approaches to investigate the 
post-yield behaviour of trabecular bone tissue. It proposed an incremental loading 
protocol and generated novel experimental data using high load nanoindentation, 
combined with AFM and qBEI, to characterise the elasto-plastic behaviour of 
trabecular bone, of both bovine and human origin, experimental data for which is 
lacking in the literature. These data were then used to evaluate candidate constitutive 
material models to describe the post-yield behaviour of trabecular bone tissue: von 
Mises yield surface with perfect plasticity, von Mises yield with strain hardening, 
and the pressure-dependent Drucker-Prager plasticity. 
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Appendices 
Appendix A 
Sample Preparation Considerations 
The development of the sample preparation methods has been dealt with 
comprehensively in the preceding chapter. However, an interesting phenomenon 
occurred as a result of embedding fluid infiltration that warrants its own discussion, 
specifically the observation of pile-up.  
Preliminary tests using high load nanoindentation settings combined with AFM 
indicated the occurrence of pile-up surrounding the residual indent (Figure A-1).  
 
Figure A-1: Preliminary AFM images of a 30 mN indent showing pile-up on the left indent edge: A. 
pre-test image, B. post-test image and C. difference between registered images showing changes to the 
surface caused by indentation. D. Line profiles show z-height measurement in direction of the red 
arrow. Scale bar in µm. 
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This observation supported the inclusion of AFM imaging throughout the high 
load testing program. However, subsequent high load indentations on both bovine 
and human bone tissue failed to show pile-up under similar loading conditions.  
The preliminary testing was performed on a sample prepared using a lengthy 
infiltration step, a xylene rinse for clearing and ethanol coating of the PMMA surface 
during microtome cutting. These factors may have altered the bone tissue tested and 
thus contributed to the occurrence of pile-up. Considering that the material tested 
was actually a composite of bone tissue and resin, the response of the resin alone to 
high load nanoindentation was examined in an attempt to isolate its behaviour. A 
30 mN indent on pure resin showed consistent pile-up along all three edges (Figure 
A-2). The mean maximum pile-up height was 0.16 µm, which is approximately 10% 
of the residual indent depth. The equivalent preliminary bovine test (Figure A-1) 
resulted in a maximum pile-up height closer to 25% of the final indent depth.  
 
 
Figure A-2: AFM images of the A. residual deformation of a 30 mN on PMMA-based resin and B. 
subtracted from the pre-test surface image. C. Line profile showing pile-up in the direction of the red 
arrow. Scan region: 40×40 µm. Scale bar in µm. 
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The pile-up in the preliminary bovine specimen was primarily found along 
only one edge of the indent, rather than along all three edges. To ensure that this was 
not a scanning artefact of the AFM device, several high load indents were performed 
in a later bone sample and scanned firstly in the same position as tested, then re-
imaged after a rotation of 90°, as shown in Figure A-3. 
 
Figure A-3: AFM scanning of 100 mN indent on bovine bone at A. the original position and B. rotated 
by 90°. C. Difference between the two images, once registered. D. Comparison of line profiles along 
each indent vertical edge (along the red arrows) shows little change between the scanning angles. 
Scale bar in µm. 
The two scans were compared by rotating the second image to match the first. 
Then the two images were registered and subtracted from one another to obtain the 
difference image. There is some error associated with image registration and 
measurement differences inherent to the AFM scanning technique, which can be seen 
in the difference image (Figure A-3C). However, a shadow-like scanning artefact 
that might explain the pile-up observation on a single edge did not occur.  
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Thus the non-uniform appearance of pile-up on one indent edge cannot be 
explained by an AFM imaging artefact. The increased height of bovine bone pile-up 
compared with that of pure resin cannot be wholly explained by the resin properties. 
Given that the bone sample had been fully dehydrated in ethanol and the specimen 
surface polished, it is not likely that the ethanol contact during cutting of the 
preliminary sample further influenced its nanoindentation results. One explanation 
may be found in the local orientation of the collagen fibres and the local mineral 
positioning within the organic matrix, combined with the infiltrated resin to create 
this phenomenon. Is it possible that the polymerisation of the resin around the bone 
material permitted the organic matrix to extend its molecules only in a particular 
direction and with collagen re-bonding in plastic deformation (Chapter 2) this created 
pile-up in a specific direction? 
Bone nanoindentation is influenced by the infiltration of embedding material. 
Bushby, Ferguson and Boyde (2004) demonstrated that the substitution of water in 
bone tissue for ethanol and PMMA leads to an increase in the measured indentation 
elastic modulus. They noted that embedding in PMMA resulted in a modulus 
increase greater than would be expected from the volume fraction of resin alone. It 
follows that the response is a result of the interaction of resin with the bone structure, 
not simply its presence. The modulus and hardness measurements of the preliminary 
bone samples in this study agree (Chapter 3). This study provides further evidence on 
the influence of resin infiltration in the observation of pile-up. 
 The extent to which the resin had infiltrated the bone tissue in these specific 
samples could be not measured. However, Fratzl et al. (1992) showed that mineral 
structure was not significantly altered by the embedding of bone tissue in PMMA, 
combined with aqueous polishing steps. As mineral content is often attributed as an 
important factor in the mechanical response of bone tissue (and one chosen for 
further analysis in this thesis), the nanoindentation testing concept on embedded 
bone tissue can still provide valuable information on the mechanical properties of 
bone.  
The nature of trabecular bone necessitates sample embedding prior to 
nanoindentation. For this study, like that of Smith et al. (2010), a testing program 
involving both SEM and nanoindentation required sample dehydration and 
embedding to meet the demands of multiple testing methods. The infiltration 
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procedure used in this study may help to ensure that tissue properties are being 
examined, uninfluenced by the deflection of the structure under load, and therefore 
may be a more accurate representation of the substance that makes up trabecular 
bone tissue.  
In the literature, some authors specify „without infiltration‟ or „without vacuum‟ 
(Rho, Zioupos, Currey et al., 1999; Fan, Swadener, Rho et al., 2002). Many more 
studies do not specify infiltration or vacuum use at all, just the polymer used. These 
observations emphasise the importance of the embedding procedure used in a bone 
nanoindentation study, especially with respect to infiltration. Authors should clearly 
note these details in publications.  
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Appendix B 
Sample Embedding Log 
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Appendix C 
Sample Polishing Log 
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